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Abstract
The Australia Telescope Compact Array has been used to search for 22-GHz water masers
towards the 323 6.7-GHz methanol masers detected in the Methanol Multibeam survey be-
tween Galactic longitudes 341◦ to 20◦, through the Galactic centre, and we find water masers
associated with 156 (∼48 %). Methanol masers with associated water masers have a higher
mean integrated luminosity than those without. In sources where both maser species are
observed, the luminosities of the methanol and water masers are weakly correlated even after
accounting for the partial correlation due to distance. We have inspected the GLIMPSE three
colour images of the regions surrounding the masers and cross-matched the maser positions
with existing catalogues of Extended Green Objects and Infrared Dark Clouds. We find more
Extended Green Objects at sites where both methanol and water masers are present than
at sites with only methanol masers, but no significant diﬀerence in the fraction embedded
within Infrared Dark Clouds. Studying the mid-infrared colours from GLIMPSE, we found
no diﬀerences between the colours of those sources associated with both methanol and water
masers and those associated with just methanol. Analysis of the 1.1-mm thermal dust emis-
sion shows dust clumps associated with masers have greater 1.1-mm flux densities and higher
column densities than those without. Dust clumps associated with both water and 6.7-GHz
methanol masers are generally the most compact clumps followed by those associated with
only methanol then the clumps without associated maser emission. Comparing the column
density and dust mass calculated from the thermal dust emission at 870 µm, we found no
diﬀerences between those sources associated with both water and methanol masers and those
with methanol only. At 870 µm we found dust clumps at the very highest column densities
(above ∼ 1025 cm−2) almost all had an associated methanol maser. We conclude that there
is some evidence that protostars with both methanol and water masers are often older than
those with only methanol, however, we suggest that the evolutionary phase traced by water
masers is not as well defined as for 6.7-GHz methanol masers. Since water masers are colli-
sionally pumped and often show emission further away from their accompanying YSO than
the radiatively pumped 6.7-GHz methanol masers, it is likely that water maser properties are
not as tightly correlated to the evolution of the parent YSO.
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Chapter 1
Introduction
How high-mass (M > ∼8M⊙) stars are formed is important in many diﬀerent areas of as-
trophysics. They have an enormous influence on the structure and evolution of the galaxies
in which they reside, because they are a major contributor to turbulence and mixing in the
interstellar medium, and also the primary source of heavy elements and UV radiation in the
Universe. Still, we are yet to reach a unified theory of star formation and the mechanisms
through which high-mass stars are formed remains hotly debated.
To help answer the questions surrounding the formation of high-mass stars, signposts are
needed to identify the evolutionary stages of their formation while they are still embedded in
their natal molecular clouds. Masers have a unique role to play here, as some transitions have
been proposed to trace an evolutionary sequence of high-mass star formation (e.g. Ellingsen
et al. 2007; Breen et al. 2010b). They have other advantages too, being bright and arising at
radio frequencies, they are not obscured by the dust at star forming sites. Masers are also
point sources, and with high resolution observations, allow us to pin-point the precise young
stellar object they are associated with.
However, it is still not well understood how some maser transitions fit within this evolu-
tionary timeline of high-mass star formation. One such transition is the 22-GHz water maser
and that is the topic of this thesis - particularly the overlap of 22-GHz water masers and
6.7-GHz methanol masers. How the 6.7-GHz methanol maser transition fits into the evolu-
tionary timeline of high-mass star formation has been quantified in Breen et al. (2010b). In
this thesis I have used a statistically complete sample of 6.7-GHz methanol masers from the
Methanol Multibeam (MMB) survey and made interferometric observations towards them
for 22-GHz water masers. The aim is to ascertain how water masers fit in this evolutionary
sequence compared to 6.7-GHz methanol masers using the maser properties, infrared tracers
of outflows and star formation and submillimeter dust emission.
In the following sections I give an introduction to telescope used for the observations,
data reduction and visualisation packages and summary of each chapter.
1.1 The Methanol Multibeam survey
The MMB was conducted to make an unbiased survey of the Galactic plane for 6.7-GHz
methanol masers. The MMB covered the entire Galactic Plane observable with the Parkes
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64-m dish in Australia (longitudes 186◦, through 0◦, to 60◦) with latitude coverage of |b| ≤
2◦. 972 sources were detected in the survey. For sources where interferometric positions
were not already available, the detections were followed-up with interferometric observations
with the Australia Telescope Compact Array (ATCA) and the Multi-Element Radio Linked
Interferometer Network (MERLIN) to obtain precise positions. Catalogues covering the entire
MMB region have now been published (Green et al. 2009; Caswell et al. 2010; Green et al.
2010; Caswell et al. 2011; Green et al. 2012; Breen et al. 2015).
1.2 The Australia Telescope Compact Array
All of the water maser data presented in this thesis was observed using the Australia Telescope
Compact Array (ATCA). The ATCA is owned and operated by Commonwealth Science and
Industrial Research Organisation (CSIRO), Astronomy and Space Science along with their
other radio telescopes Parkes, Mopra and the Australian Square Kilometre Array Pathfinder.
The ATCA is an array of six 22-m antennas located 500-km northwest of Sydney, in the Paul
Wild Observatory. Five of these antennas can move along a 3-km long east-west track or a
214-m north spur. The sixth antenna is fixed, being located out 6-km along the east-west
track.
As it is located at a latitude of 30◦ South, the ATCA can track sources for 12 hours giving
excellent uv -coverage for sources with declination south of –24◦, although the array can still
be used to observe sources up to +48◦. Imaging of equatorial sources requires the use of the
north spur as the synthesised beam becomes very elongated on the east-west baselines.
The ATCA operates between 1.1 - 105 GHz and in the last few years the correlator has
been upgraded with the Compact Array Broadband Backend (CABB; Wilson et al. 2011). For
the water maser observations presented in this thesis CABB has delivered excellent velocity
resolution (0.50 km s−1) and velocity coverage of > 800 km s−1. Water masers are known for
their high velocity emission and the large velocity coverage of CABB enabled us to discover
the highest ever velocity feature of a water maser in a high-mass star formation source (See
10.472+0.027 in Chapter 3).
The ATCA accepts applications for observing time twice a year and is highly oversub-
scribed. This is particularly so during the winter semester when conditions are best for
millimetre and Galactic Plane observations as the Milky Way is observable during the cold
nights. Hence, the application process is very competitive with the applications being priori-
tised by a Time Allocation Committee.
1.3 Data reduction software
All of the water maser data presented in this thesis was reduced using miriad, the standard
radio interferometry data reduction package for the ATCA (Sault et al. 1995). miriad was
used for everything from loading in the data files, to imaging and extracting positions and
spectra. These images where then inspected using kvis from the Karma package of astronomy
visualisation tools.
Kvis is able to display images, movies of the data cubes and show line profiles which
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we used to help determine maser positions. We were also able to examine the infrared
environments of the maser sources in kvis by loading in the Spitzer Galactic Legacy Infrared
Midplane Survey Extraordinaire (Benjamin et al. 2003, GLIMPSE) data, make three colour
images with it and overlay annotations of the maser positions.
1.4 Thesis summary
This thesis starts with a review of relevant literature in Chapter 2.
In Chapter 3 I give the details of the water maser observations with the ATCA, the data
reduction and the masers detected associated with their MMB targets. The spectra of the
water masers are shown in Figure 3.3, the maser parameters in Table 3.1 and sources of
special note are remarked on in Section 3.2.1.
Chapter 4 contains discussion of the detection rate, luminosities and velocities of the
water masers observed in this survey and their methanol maser targets. I also compare these
results to those in similar surveys such as Beuther et al. (2002); Szymczak et al. (2005); Xu
et al. (2008); Breen et al. (2010a). Some of the water masers detected in this work have been
previously observed in Breen et al. (2010a) and Walsh et al. (2014) allowing us to study their
variability.
In Chapter 5 I study the infrared environments of the young stellar objects hosting the
masers, particularly Extended Green Objects which are indicators outflows and shock activity
and Infrared Dark Clouds which are found at the earliest stages of star formation. Sub-
millimetre thermal dust emission from the clumps the masers are embedded in is also discussed
using the 1.1-mm emission and the 870-µm emission.
Chapter 6 I finish with come concluding remarks and suggestions for future work.
In most of this thesis I have used “we” instead of “I”. This is for stylistic reasons and this
thesis is all my own work except where acknowledged in the Statement of Co-Authorship.
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Chapter 2
Literature Review
In this chapter a review of astrophysical masers and other relevant Galactic surveys is pre-
sented. A brief background about high-mass star formation is also given.
2.1 High-mass star formation
Understanding high-mass stars is necessary for understanding galactic structure and evolution
as they are the main source of heavy elements and UV radiation in the Universe. They have
a major influence on the galaxies in which they reside through their powerful winds, outflows,
HII regions and supernova mixing and creating turbulence in the interstellar medium (ISM).
Despite this, many questions still remain about their formation.
The formation of low-mass stars by accretion is well understood (Shu et al. 1987). How-
ever, for high-mass stars (OB stars with enough mass to produce a type II supernova
M∗ > 8M⊙) the Kelvin-Helmholtz time for the core to start converting gravitational po-
tential energy into heat is smaller than the free-fall time (the collapse time). This causes
nuclear fusion to start before gravitational collapse has finished and the resulting radiation
pressure is enough to halt spherical accretion.
It is now accepted that high-mass stars can continue to accrete material via an accretion
disk after nuclear fusion has commenced. The two main competing theories attempting to
explain high-mass star formation are monolithic collapse (Krumholz et al. 2009) and compet-
itive accretion (Bonnell & Bate 2006). The main diﬀerence between these two theories is that
in monolithic collapse objects only accrete material from nearby in the molecular cloud they
are embedded in and the only competition for material is between close stars. The asymme-
tries produced by the disks and jets are how radiation pressure is overcome and accretion can
continue after fusion has begun. In competitive accretion however, the material that makes
up any star can originate from a large volume of the cloud they are born in, depending on the
specific details of the gravitational potential and other forces acting on the gas, with proto-
stars in the centre of the cloud benefiting most from being at the bottom of the gravitational
potential well of the cloud. In competitive accretion the location of the core in the molecular
cloud is the critical factor in determining the final size of the star however in monolithic
collapse it is the initial size of the core when collapse begins that is more important.
High-mass stars are embedded in the clouds of gas and dust for about 15 % of their
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lifetime before they become optically visible main-sequence stars (Churchwell 2002). This
embedded phase presents many challenges to observers as these gas and dust clouds have
high extinction, making optical observations diﬃcult or impossible and they always form
alongside many other companions deep in the potential wells of these clouds. High-mass
stars are also rare, at large distances and their evolution is very fast compared to that of
low-mass stars. Hence, understanding the formation of high-mass star is much more diﬃcult
than that of lower mass stars.
Figure 2.1 is a cartoon of the evolution of a high-mass star formation region. A group of
stars will start their life in a clumpy molecular cloud. From this cloud, compressed pockets
of gas will form from the molecular cores and filaments that are experiencing turbulence.
Some of these stay gravitationally bound setting the stage for the cloud to collapse and star
formation to begin (Mac Low & Klessen 2004; Padoan & Nordlund 2002; Klessen et al. 2005).
These cold cores are very cold and dense (gas temperatures between 10 - 20 K and molecular
hydrogen densities ∼105 cm−3) showing little to no emission in the infrared (see the first
panel of Figure 2.2). They are often associated with Infrared Dark clouds (IRDCs Perault
et al. 1996) (see Section 2.6) and show emission from molecules that trace cold dense gas
such as CO, CO2 and CS.
In low-mass stars accretion ends before hydrogen burning commences, however, in high-
mass stars, they continue to accrete matter and evolve even once hydrogen burning has started
becoming hotter and more luminous (Kudritzki 2002). As they warm up the surrounding
dust they begin to become visible in the far-infrared such as the 24 µm emission from Spitzer
(see second panel in Figure 2.2). The complex organic molecules are both evaporated oﬀ the
dust grains and formed through gas-phase reactions. At this stage they also begin to show
maser emission. Since accretion is occurring in the warm-core phase, to conserve angular
momentum they produce outflows from their poles which become visible in molecular tracers
like SiO and in the mid-infrared as Extended Green Objects (see Section 2.6).
Once hydrogen burning has commenced, expanding pockets of ionised gas called hyper-
and ultra-compact HII regions are formed due to the winds, pressure gradients and ionising
photons produced by star. Gradually, the gas of the whole region of star-forming objects
is ionised or dispersed, often by several sources. The molecular cloud in which they were
embedded is disrupted leaving HII regions and OB associations visible in the optical and
near-IR.
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Figure 2.1: Cartoon by Cormac Purcell showing the formation of a cluster of high-mass stars
starting with a molecular cloud and finishing with an optically visible HII region.
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Figure 2.2: Figure from Jackson et al. (2013) of the Spitzer GLIMPSE and MIPSGAL
images of diﬀerent phases of star formation. The blue, green and red colours correspond to
the 3.6 µm, 8.0 µm and 24 µm respectively. The white contours are the 870-µm emission
from the ATLASGAL survey (Schuller et al. 2009).
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2.2 Early maser discoveries
Some of the best signposts of high-mass star formation are interstellar masers. They are
common, intense and, being observable at radio frequencies, they do not suﬀer the high
extinction that aﬀects other frequency bands. The most common maser species are water,
methanol and hydroxyl, and along with maser pumping models, they provide us with valuable
information about the physical conditions at sites of star formation.
The theoretical work describing masers in the laboratory was first presented at the confer-
ence All-Union Conference on Radio-Spectroscopy in 1952 by the Russian scientists Nikolay
Basov and Alexander Prokhorov and in 1953 Charles Townes, James Gordon and Herbert
Zeiger built the first maser using ammonia and producing 24-GHz microwaves.
The first discovery of astrophysical masers came by accident while looking for absorption
of OH against bright background radio sources. Strong, narrow emission lines were seen in
the spectrum and hence Weaver et al. (1965) announced discovery of mysterium. Afterwards
it was recognised that this source was an OH maser (Weinreb et al. 1965).
Interferometric observations by Cudaback et al. (1966) discovered that these sources were
extremely compact, implying brightness temperatures of ∼ 106 K which is impossible from
purely thermal processes. Confirmation of the non-thermal nature of the emission came from
Very Long Baseline Interferometry (VLBI) observations by Moran et al. (1968) who found
these sources to be a maximum of a few arcseconds in size and further VLBI observations of
water masers by Burke et al. (1970) found them to be less than a few milliarcseconds in size.
2.3 Maser species
2.3.1 Hydroxyl Masers
Hydroxyl masers were the first maser species to be discovered (Weaver et al. 1965) and their
maser emission comes from the hyperfine splitting of the 2Π3/2 and
2Π1/2 rotational ladders.
They are pumped by infrared radiation from warm dust and they favour conditions of cooler
gas (<100 K) and moderately high densities (105 - 108 cm−3, although higher temperatures
and/or lower densities can also produce masers; Cragg et al. 2002).
OH masers are found in Active Galactic Nuclei (e.g. Baan et al. 1982), supernova remnants
(e.g. Wardle & Yusef-Zadeh 2002), evolved stars (e.g. Sevenster et al. 1997) and high-mass
star forming regions (e.g. Caswell 1997, 1998). Their strongest and most common lines in
star formation regions are the main-line transitions at 1665 and 1667 MHz. In unbiased
observations of the OH 1665- and 1667-MHz transitions in the Galactic Plane which detected
more than 100 OH maser sources, Caswell & Haynes (1987) found the 1665-MHz transition
to be the most common and generally the strongest, typically by a factor of three. They
observed the 1667-MHz transition towards 90 % of the 1665-MHz sources and interferometric
observations confirmed that they were from the same young stellar object as the two maser
transitions were coincident to within an arcsecond. Other excited and satellite-line transitions
can also be found at sites of star formation, including the 1612-, 1720-, 6030-, 6035-, 13442-
and 4765-MHz transitions.
Polarisation is common in OH masers and many sources are 100 % circularly polarised.
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They make ideal tracers of magnetic fields as they have a large Zeeman splitting factor with
the 1665-MHz transition having the largest known (Heiles et al. 1993). Magnetic fields of a
few mG are commonly observed in star formation regions (Caswell & Reynolds 2001; Fish
et al. 2003) and can be up to ∼40 mG (Fish & Reid 2007).
OHmasers have a median total velocity ranges of∼9 km s−1 (Caswell 1998). This emission
is generally close to the systemic velocity of the molecular clouds they are embedded in and
they are not usually associated with outflows. However, there are rare case where weak OH
maser emission is associated with outflows, for example Argon et al. (2003) who found OH
towards a bipolar outflow traced by water masers.
The intensity of their emission can remain stable on ∼20 year timescales, while others
show intensity changes of more than a factor of two (Caswell 1998).
2.3.2 Water Masers
Water masers were first discovered by Cheung et al. (1969) towards Sgr B2, Orion A and
W49 and are now known to be the most widespread of the maser species known (e.g. Walsh
et al. 2011). According to the model by Elitzur et al. (1989) they need dissociative shocks in
dense gas with temperatures up to ∼400 K and preshock densities ∼ 107 cm−3 - 109 cm−3
to form. The 22-GHz 61,6 → 52,3 rotational transition is the brightest spectral line at radio
frequencies, and other transitions of water have also been observed, especially the higher
frequency vibrational transitions towards evolved stars (Menten & Batrla 1989).
Water maser spots are often found in clusters, these groups of spots are not generally
distributed over more than ∼1 arcsecond (Forster & Caswell 1989). Although there are some
extreme cases where water maser spots with angular separations extensive as 4 arcseconds
are observed (Reid et al. 1988). VLBI is needed to resolve maser spots as their physical sizes
are tens of AU or less (e.g. Richards et al. 2011).
Water masers are commonly associated with high-mass star formation. VLBI observations
of water masers have shown that they are found towards high-mass young stellar objects in
the disks surrounding them (Torrelles et al. 1998), in their high velocity bipolar outflows
(Genzel et al. 1981; Hofner & Churchwell 1996, e.g.) and in the bow shocks from outflows
and expanding shells (Hofner & Churchwell 1996).
In addition, water masers are found associated with low-mass star formation (e.g. Furuya
et al. 2003), late M-type stars (e.g. Dickinson 1976), planetary nebulae (e.g. Miranda et al.
2001), Mira variables (e.g. Hinkle & Barnes 1979) and asymptotic giant branch stars (e.g.
Barlow et al. 1996). They are also found in extra-galactic sources like the circumnuclear
regions around active galactic nuclei (e.g. Claussen et al. 1984).
To investigate the proportions of water masers associated with diﬀerent phenomena,
Walsh et al. (2011) conducted unbiased survey of the southern Milky Way. They found
that 69 % of the water masers they detected are associated with star formation, 19 % with
evolved stars and 12 % unknown. They also found water masers associated with evolved stars
typically have more maser spots and are distributed over smaller angular scales than those
associated with star formation.
Because water masers often have many maser spots within small areas, their spectra are
generally more complex than other maser species. Sources with higher far-infrared luminos-
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ity tend to excite more emission components over a wider velocity range, and the brightest
features are typically closer to the velocity of the molecular cloud it is embedded in (Brand
et al. 2003). Water masers are well known for exhibiting weaker features red- or blue-shifted
100 km s−1 or more from the systemic velocity, indicating outflow activity at the associated
YSO. However, there are a small number of sources where these high velocity features dom-
inate their spectrum. Caswell & Phillips (2008) reported a distinct class of water masers
with dominant blue-shifted outflows. These masers have strong blue-shifted emission oﬀset a
long way (50 km s−1 in the case of 353.273+0.641) from their weak emission at the systemic
velocity of the region.
It is common for water masers to show variability in their flux densities over time; much
greater than those of other species. Variability in water masers was first discovered by
Knowles et al. (1969) who observed eight sources and saw that the spectra varied greatly on
a time scale of less than three weeks.
Sullivan (1971) suggested that water maser variability could be caused by changes in any
of the following:
• intensity of the input radiation to be amplified
• diﬀerence between the water molecules in the 61,6 and 52,3 rotational states
• maser path length
• supply of the “pump” energy available in the masing region to maintain the population
inversion
One of the longest studies of water maser variability is the Arcetri project (Brand et al.
2003; Felli et al. 2007). It covered a wide range of timescales and luminosities of the powering
YSO. The Arcetri project performed single dish monitoring of a sample of water masers that
continued for several decades, but with a fairly small sample size (43 in Felli et al. (2007),
and a subset of 14, with more detailed analysis, in Brand et al. (2003)). They found that
variability can occur over a large range of timescales from hours-days to months-years and
that these changes in flux density can be gradual or burst-like (Felli et al. 2007). In addition,
individual spectral features can drift in velocity by up to a few km s−1 per year (Brand
et al. 2003). Figure 2.3 shows the variability of the W75-N spectra from the Arcetri project.
As is seen in many water masers, the features in W75-N closest to the systemic velocity
are most persistent and the further from the systemic velocity the more variable features
become. Figure 2.4 overlays VLA observations of water masers associated with this source
on the continuum emission from Carrasco-Gonza´lez et al. (2015). The water masers trace
out a shell structure with many more features in 2014 than in 1996.
The objects powering water masers have a large influence on how variable they are. Brand
et al. (2003) found higher luminosity YSOs are generally associated with brighter more stable
water masers and Claussen et al. (1996) found water masers emission to be weaker and more
variable from low-mass stars compared to high-mass stars. With large sample size (hundreds
of masers), but with only a few epochs of observations, Breen et al. (2010a) and Walsh et al.
(2014) both found that weaker water masers with simpler spectra are more likely to disappear.
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Figure 2.3: Velocity features vs. time for the W75-N water maser from Felli et al. (2007).
The flux density of the features is shown on the colour scale, the solid vertical line is the
velocity of the associated molecular cloud and the vertical dashed line is the mean velocity
of this maser. The area in black are velocities that were not observed.
2.3. MASER SPECIES 13
Figure 2.4: Water masers associated with W75N(B) in 1996 and 2014 with the VLA (indicated
with + symbols). The background image and contours are the K band continuum observed
with the VLA. The black dots are the methanol masers (Carrasco-Gonza´lez et al. 2015).
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2.3.3 Methanol Masers
The first discovery of an interstellar methanol maser was by Barrett et al. (1971) who observed
the transition at 25.0-GHz towards Orion-KL. It was over a decade before the next methanol
maser transition was discovered by Wilson et al. (1984, 1985) who first observed the 19.9- and
23.1-GHz transitions towards W3(OH). The discovery of the common transitions of 12.2-GHz
(Batrla et al. 1987) and 6.7-GHz (Menten 1991) where soon to follow. Now more than 50
methanol maser transitions have been discovered (e.g. Mu¨ller et al. 2004).
Methanol masers have been empirically divided into class I and class II types. Class I
methanol masers appear spread around a star forming region, distributed over linear scales
of up to 1 pc (e.g. Kurtz et al. 2004; Voronkov et al. 2006; Cyganowski et al. 2009; Voronkov
et al. 2014; Jordan et al. 2015), whereas, class II methanol masers reside close to their parent
YSO (e.g. Caswell 1997). Modelling of maser pumping mechanisms has shown that class
I methanol masers are pumped by collisions with molecular hydrogen, whereas the class II
methanol masers are pumped by infrared radiation (e.g. Cragg et al. 1992, 2002; Voronkov
et al. 2005).
Currently there have been more than twenty class I methanol maser transitions detected
(Mu¨ller et al. 2004) and the most common Class I transitions are at 36 and 44 GHz. Class
I methanol masers are often associated with UCHII regions, outflows, infrared dark clouds,
shocks traced by 4.5-µm emission and 8.0-µm filaments (Cyganowski et al. 2009; Voronkov
et al. 2014). They are typically distributed on scales of a few to 10s of arcseconds within a star
formation region (Voronkov et al. 2006, 2014) and can have features oﬀset up to 30 km s−1
from the peak of the emission (Voronkov et al. 2010).
Voronkov et al. (2014) performed a high resolution survey of the 36 and 44-GHz methanol
maser transitions with the ATCA. They found the class I masers to generally be more spread
out compared to the 6.7-GHz methanol masers which were typically centrally located with
an accompanying infrared source (see Figure 2.5). The number of class I masers detected
fell exponentially with the projected linear distance from the associated class II 6.7-GHz
methanol maser. For both transitions, this distribution had a scale of 263 ± 15 mpc. The
class I sources associated with OH masers were generally more spread out in both space and
velocity, which is consistent with other evidence that these sources are more evolved.
Class I methanol masers have been found to be associated with low and intermediate
mass star formation (Kalenskii et al. 2010) but they are more commonly found at sites of
high-mass star formation. Jordan et al. (2015) performed a blind survey of 5 squares degrees
of the Galactic Plane observing 12 diﬀerent molecular transitions (including both maser and
thermal cases) at 45 GHz with the ATCA. They found many class I methanol masers without
other associated masers and they suggest that these may be associated with young regions of
high-mass star formation or low-mass star-forming regions. The majority of class I masers,
however, are associated with other high-mass star-forming masers or dense gas as traced by
CS clumps.
Class II methanol masers (such as the 51 − 60 A+ transition at 6.7-GHz) are pumped
by far-infrared radiation (Sobolev & Deguchi 1994; Cragg et al. 2005) and are observed
exclusively at sites of high-mass star formation (Minier et al. 2003; Xu et al. 2008; Bartkiewicz
et al. 2011; Breen et al. 2013). This is because methanol is produced in high abundance in
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Figure 2.5: Voronkov et al. (2014) observations of the class I methanol masers at 36 GHz
(crosses) and 44 GHz (pluses). The class II 6.7-GHz methanol maser is shown by a square.
The background is a Spitzer three colour image with 8.0, 4.5 and 3.6-µm IRAC bands shown
as red, green and blue, respectively. The concentric circles are the full width half maximum
for the primary beam of the 36 and 44-GHz observations.
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relatively restricted circumstances. It forms on the mantles of dust grains at temperatures
< 10 K during the cold-core phase of high-mass star formation (Taquet et al. 2013), is
released into the gas phase as the temperature rises, but then is rapidly depleted through gas
phase reactions. Methanol masers can form at similar densities to water masers (107 cm−3 -
109 cm−3) but they are favoured by lower temperatures (100 K - 150 K; Cragg et al. 2002,
2005). To date there have been more than twenty class II methanol maser transitions detected
(Mu¨ller et al. 2004).
The 6.7-GHz methanol maser transition traces the systemic velocity of the star-forming
regions they are found in. They typically have narrow spectral features (total velocity ranges
less than 16 km s−1; Caswell 2009) and central velocities within ± 3 km s−1 of the systemic
velocity of the region (Szymczak et al. 2007; Caswell 2009; Pandian et al. 2009) making them
ideal for kinematic distance estimates. They are found exclusively at sites of high-mass star
formation and so are restricted to spiral arms they make ideal tools for studying Galactic
structure also. Measurements of VLBI parallax distances to the methanol masers in the
Galactic Plane are currently underway to map its spiral structure (Reid et al. 2009; Krishnan
et al. 2015). They found that the kinematic distance estimates are often too large, sometimes
by more than a factor of two.
Class II methanol masers are not very variable. Caswell et al. (1995) studied a sample
of 48 masers found that the majority of them vary less than about 20 % on month to year
timescales. However, there are some 6.7-GHz methanol masers that have been shown to flare
periodically (e.g. Szymczak et al. 2015; Goedhart et al. 2009).
Another strong and common class II transition occurs at 12.2 GHz. This transition is
generally found to be co-spatial within a few milliarcseconds of the 6.7-GHz transition (e.g.
Moscadelli et al. 2002) and so observing both is useful to probe the physical conditions of the
maser environments (e.g. Cragg et al. 2001; Sutton et al. 2001). Modelling suggests that the
conditions for the 6.7- and 12.2-GHz transitions overlap, but are not identical (Cragg et al.
2005). Since there are many 6.7-GHz methanol masers without and 12.2-GHz counterparts,
the conditions in these environments must be near the point where the 12.2-GHz transition
switches on or oﬀ (e.g. Caswell et al. 1995; Breen et al. 2010b). The 12.2-GHz emission
is rarely stronger than its companion 6.7-GHz maser and there have been no serendipitous
detections of 12.2-GHz masers without an associated 6.7-GHz maser.
2.4 Masers tracing an evolutionary sequence in high-mass star
formation
It has been known for several decades that diﬀerent masers species can trace diﬀerent stages
of star formation. For example, Forster & Caswell (1989) found that OH masers are more
evolved than water masers. Masers can be found throughout the formation-stage of high-
mass stars, from the earliest stages embedded within infra-red dark clouds (Ellingsen 2006),
to the later stages with ultra-compact Hii regions (Phillips et al. 1998; Walsh et al. 1998).
More recently, work has been done to quantify the presence and/or absence of various
maser transitions tracing diﬀerent evolutionary stages in high-mass star formation (see Figure
2.6; Ellingsen et al. 2013; Breen et al. 2010b; Ellingsen et al. 2007). Breen et al. (2010b)
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Figure 2.6: The Breen et al. (2010b) evolutionary sequence of masers associated with high-
mass star formation regions. Class I and water masers (represented with dotted lines) are
estimates from the literature and unpublished data.
show, through statistical analysis of maser presence/absence and multi-wavelength contin-
uum observations, that the presence of 12.2-GHz methanol and OH masers signpost star
forming regions that are more evolved than those showing just 6.7-GHz methanol masers.
The largest uncertainties remaining in the evolutionary sequence relate to water masers and
class I methanol masers. There have been a number of previous studies encompassing both
methanol and water masers (e.g. Beuther et al. 2002; Szymczak et al. 2005; Xu et al. 2008),
but due to poor spatial resolution and biases in the target sources, how they fit within this
evolutionary timeline is not well understood. Hence, high-resolution, unbiased surveys are
needed to make progress on these questions.
2.5 Maser surveys
High-resolution observations of 22-GHz water masers towards the statistically complete sam-
ple of 6.7-GHz methanol masers from the MMB are presented in this thesis. A number of
previous studies comparing water and methanol masers based on various sample selection cri-
teria are outline briefly here (Beuther et al. 2002; Xu et al. 2008; Szymczak et al. 2005; Breen
et al. 2010a). Further discussion of these surveys in comparison with the work undertaken in
this thesis has been left to Chapter 4.
Beuther et al. (2002) targeted 24 star formation regions, selected based on infrared colours,
for water and 6.7-GHz methanol masers with arcsecond resolution. They found ∼60 % of the
sources with a methanol maser had an associated water maser (within 1.5 arcseconds) and
∼65 % of the sources with a water maser had an associated methanol maser. Xu et al. (2008)
targeted water masers thought to be associated with star formation regions, from the Arcetri
catalogue (Comoretto et al. 1990; Brand et al. 1994) for methanol masers with arcminute
resolution. 161 of their targets were thought to be high-mass star formation regions, of which
35 % had an accompanying methanol maser.
The studies already undertaken which have the greatest similarity to the study presented
in this thesis are those by Breen et al. (2010a) and Szymczak et al. (2005). Szymczak et al.
(2005) searched a statistically complete, but flux-limited to a peak intensity above 1.6 Jy,
for water masers using the Eﬀelsberg 100m telescope. They targeted 79 sources and found
water towards 52 %. Breen et al. (2010a) made a water maser search towards a large sample
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of 270 methanol at high-resolution with the ATCA. These methanol masers were primarily
those with associated OH maser emission, or those without OH maser emission which had
an accurate position determined by Caswell (2009). The Caswell (2009) sample in particular
is biased towards sources with a higher 6.7-GHz peak flux density. Their detection rate for
water masers towards 6.7-GHz methanol masers was 73 % over two epochs.
The search for water masers presented in this thesis has a great advantage over previous
studies because the MMB data is now available. The MMB (as outlined in Chapter 1) per-
formed a sensitive, unbiased search of the Milky Way for 6.7-GHz methanol masers between
longitudes 186◦, through 0◦, to 60◦ with latitude coverage of |b| ≤ 2◦. They detected 972
sources and all the high-resolution maser positions have now been published (Green et al.
2009; Caswell et al. 2010; Green et al. 2010; Caswell et al. 2011; Green et al. 2012; Breen
et al. 2015).
Many other follow-ups of the MMB have been/are being performed. For example, the
12.2-GHz methanol maser follow-up is being performed with Parkes in the longitudes 186◦,
through 0◦, to 20◦ (Breen et al. 2012b,a, 2014, Breen et al. 2015 in prep). They found
45 % of the 707 MMB targets they surveyed to have associated 12.2-GHz methanol maser
emission. They also compared the 6.7-GHz methanol to OH maser flux density ratio to
the luminosity of the associated 12.2-GHz methanol maser and found some evidence that the
12.2-GHz methanol maser luminosity starts to decrease about the time an OH maser becomes
detectable. There is also a class I methanol maser follow-up currently being undertaken with
the ATCA (led by Maxim Voronkov).
The MMB OH follow-up is called Mapping the Galactic Magnetic field through OH masers
(MAGMO; Green et al. 2012) is observing the MMB masers with the ATCA for all four
ground-state OH maser transitions. So far the pilot region of the Carina-Sagittarius spiral
arm tangent (longitudes 280◦ to 295◦) has been surveyed. They detected ground state OH
maser emission at 11 of the 23 MMB maser sites in the region. The OH masers detected in
this follow-up will also provide information about magnetic fields at sites of high-mass star
formation. Zeeman splitting of the OH masers provides both strengths and the orientation
of the magnetic fields along the line of sight (towards us or away from us).
A large-scale, unbiased survey for water masers is the H2O southern Galactic Plane Survey
(HOPS; Walsh et al. 2011, 2014). HOPS surveyed 100 deg2 of our Galaxy for water masers and
many other molecular lines with the Mopra Radio Telescope and the water maser detections
were subsequently followed-up with the ATCA. HOPS is ideal for studying water masers in
all the diﬀerent environments that they form, however, for comparison with the MMB it
lacks sensitivity (HOPS is estimated to be 98 % complete down to 8.4 Jy compared to the
the MMB which is estimated to be approaching 100 % completeness at 1 Jy).
A recent unbiased, high-resolution for class I methanol masers was Millimetre Astronomer’s
Legacy Team-45 GHz (MALT-45; Jordan et al. 2015). The 44-GHz class I methanol masers
were observed, along with several other spectral lines in the 42 - 44 and 48 - 49 GHz bands,
in the region l = 330◦ – 335◦ and |b| < 0.5◦ with the ATCA. As this is an unbiased survey,
it is ideal to study the overlap between the 44-GHz and the 6.7-GHz methanol masers found
in the MMB. They found 60 % of the class II masers in the MMB to have associated 44-GHz
class I masers and ∼ 36 % of 44-GHz class I masers to have an associated class II maser.
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2.6 Mid-infrared sources associated with masers
Data from the Spitzer Space Telescope has greatly advanced our knowledge of the mid-
infrared environments associated with masers. Spitzer launched in 2003 and undertook a
range of investigator-led and legacy science programs until the supply of liquid helium used
to cool the telescope ran out in 2009. Two of the instruments on board are the Infrared Array
Camera (IRAC) and the Multiband Imaging Photometer for Spitzer (MIPS). IRAC operated
at 3.6, 4.5, 5.8 and 8 µm. The 3.6 and 4.5 µm bands have been able to continue operating
after 2009 as part of the Spitzer Warm Mission. A major survey to come from Spitzer is the
Galactic Legacy Infrared Midplane Survey Extraordinaire (GLIMPSE; Benjamin et al. 2003)
which surveyed the Galactic Plane in four infrared bands: 3.6, 4.5, 5.8 and 8.0 µm using
IRAC. GLIMPSE produced images as well as point source catalogues in all four wavelengths.
Ellingsen (2006) used point sources identified by GLIMPSE to compare the colours of the
mid-infrared objects associated with 6.7-GHz methanol masers to the general population of
point sources. They used 56 methanol masers, most of which came from a blind single dish
survey for methanol masers in l = 325◦ − 335◦ (Ellingsen et al. 1996). They found that the
mid-IR point sources associated with masers tended to exhibit redder colours than sources
without masers, which is consistent with them coming from low-mass Class 0 YSOs (see
Figure 2.7). Ellingsen (2006) also compared the colours of 6.7-GHz methanol masers with
and without associated OH masers and found colours consistent with sources harbouring an
OH maser to be more evolved than those without.
Breen et al. (2010b) compared the GLIMPSE point source colours of a sample of 113 6.7-
GHz methanol masers with and without associated 12.2-GHz methanol masers. They found
no diﬀerence in the colours of the two groups and they proposed that the masers themselves
are more sensitive than the mid-infrared data to evolutionary changes in the YSO.
A similar study by Gallaway et al. (2013) examined the mid-infrared colours of the mid-IR
sources hosting the MMB masers. Since many of the mid-IR sources associated with methanol
masers were more extended than the GLIMPSE point spread function, they used Adaptive
Non-Circluar Aperture Photometry (ANCAP) to measure the extended flux densities in all
four GLIMPSE bands. Not all of the maser counterparts were included as they were outside
the GLIMPSE survey range, fluxes were not available in all four bands or there was more
than one possible counterpart (the full MMB catalogue was not available at the time). They
found the maser associated sources to be very similar to those of Ellingsen (2006).
Masers are also associated with more extended objects in the GLIMPSE images. For
example, shock tracers such as extended emission in the 4.5 µm band, often referred to as
either Extended Green Objects (EGOs; Cyganowski et al. 2008), or “green fuzzies” (Chambers
et al. 2009) as the 4.5 µm emission is usually coloured green in GLIMPSE three colour images.
The 4.5 µm band covers the wavelength range of a number of H2 and CO spectral lines which
are excited by shocks. The presence of strong, extended emission in this band is thought to
be a good tracer of outflows from protostellar objects. De Buizer & Vacca (2010) made direct
spectroscopic measurements of two EGOs with high surface brightness from Cyganowski et al.
(2008) however, and found at one source there was 4.5 µm emission from H2 spectral lines
within the outflow, and at the other source no emission lines were detected in this band, only
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Figure 2.7: Ellingsen (2006) colour-colour and colour-magnitude diagrams made from
GLIMPSE point source catalogue data. The methanol masers in the region l = 325◦ − 335◦
are red squares and other methanol masers for which ATCA positions were available are blue
circles. The black dots are all the sources in the GLIMPSE point source catalogue within 30’
of l = 326.5◦, b = 0◦.
bright continuum emission - no evidence for any outflow. Hence, EGOs may not be tracing
only one evolutionary state of their YSOs.
Also, the exact association between EGOs and masers has been diﬃcult to quantify, as
the identification of these objects is somewhat subjective. Cyganowski et al. (2008) complied
a catalogue of more than 300 EGOs from the GLIMPSE I survey region which they compared
with 6.7-GHz methanol maser surveys of Ellingsen (2006), Walsh et al. (1998) and Caswell
(1996). Of the EGOs that fell within these survey areas, they found 73 % of the “likely”
EGO candidates and 27 % of the “possible” EGO candidates to have an associated methanol
maser. Gallaway et al. (2013) took the statistically complete sample of 6.7-GHz methanol
masers from the MMB and compared it with the Cyganowski et al. (2008) catalogue of EGOs.
They found ∼18 % of the masers to be associated with EGOs. Conversely, they find 52 % of
the “likely” and 25 % of the “possible” EGO candidates to have associated methanol masers.
Cyganowski et al. (2009) observed 20 EGOs for class I 44-GHz and class II 6.7-GHz
methanol masers with the VLA. In this smaller sample size, they detected 6.7-GHz methanol
masers towards ∼64 % of the EGOs, and of these they found 44-GHz masers associated with
∼89 %. They also compared the spatial distributions of the diﬀerent maser classes and found
that the collisionally pumped class I masers were widely distributed tracing the diﬀuse 4.5 µm
features. However, the radiatively pumped class II masers were more centrally concentrated
close to the 24 µm emission (see Figure 2.8).
Chen et al. (2011) observed a subset of the the Cyganowski et al. (2008) EGOs for class
I 95-GHz methanol masers with the Mopra 22-m telescope and found a 55 % detection rate.
Later they compiled a catalogue of the 98 EGOs in the GLIMPSE II survey region on which
they performed a similar search, finding a detection rate of ∼70 %.
Cyganowski et al. (2013) surveyed the 94 EGOs from their Cyganowski et al. (2008)
catalogue visible with the Nobeyama 45 m telescope for water maser emission. The beam
size of Nobeyama at 22-GHz is 73 arcseconds and the median noise was ∼0.11 Jy. They
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Figure 2.8: Four three colour GLIMPSE images of EGOs from Cyganowski et al. (2009)
with 24 µm contours from MIPSGAL plotted in yellow, positions of 44-GHz class I methanol
masers in magenta crosses and 6.7-GHz class II methanol masers with diamonds.
detected water maser towards 68 % of the EGOs in their sample and in 81 % of the EGOs
with both class I and class II methanol masers present.
Infrared dark clouds are cold (T < 20 K), dense (n > 105 cm−3) cores first discovered in
Perault et al. (1996) in a 15 µm survey of the Galactic Plane by Infrared Space Observatory.
Egan et al. (1998) studied these objects with Midcourse Space Experiment and IRAS and
found they were dark from 7 to 100 µm.
Ellingsen (2006) took a subjective look at the GLIMPSE images and suggested ∼ 10 - 20
% of IRDCs have associated methanol masers, implying that in many IRDCs high-mass star
formation has already commenced. They suggest that IRDCs where no masers are present
may be the sites where an even earlier stage of high-mass star formation is occurring.
Gallaway et al. (2013) did a systematic survey of the MMB masers for IRDCs. They
identified two categories of masers within IRDCs: (i) masers embedded within an IRDC with
no IRAC counterpart and (ii) masers that are located in or on the perimeter of an IRDC but
have an IRAC counterpart (see Figure 2.9). In categories (i) and (ii) they found 5 % and 21
22 CHAPTER 2. LITERATURE REVIEW
Figure 2.9: Gallaway et al. (2013) GLIMPSE three colour image of an IRDC with the 6.7-
GHz methanol maser position marked with a green circle. The maser in the left panel is
located within an IRDC but has no IRAC counterpart and the one on the right is located
within an IRDC but is associated with an IRAC counterpart.
% of the MMB masers respectively to be located.
2.7 Submillimetre emission associated with masers
Since masers are found within the dusty envelopes of high-mass star formation regions, is it
useful to compare maser data to the thermal dust emission. Dust emission is optically thin
at submillimetre wavelengths and is useful for tracing column densities and clump masses.
Submillimetre emission allows us to study the coldest, densest regions where stars are forming.
Recently, there have been two large, unbiased surveys of the Galactic Plane in the sub-
millimetre regime. The Bolocam Galactic Plane Survey (BGPS; Rosolowsky et al. 2010) and
APEX Telescope Large Area Survey of the GALaxy (ATLASGAL; Schuller et al. 2009; Con-
treras et al. 2013; Csengeri et al. 2014). Both the BGPS and ATLASGAL have resolutions
much coarser than the size of a star forming core associated with a maser which means that
their flux densities will potentially include emission from many other surrounding sources
from the clustered environments where high-mass stars are formed.
The BGPS used the Bolocam instrument on the Caltech Submillimeter Observatory to
undertake a continuum survey of the Milky Way at 1.1-mm. The BGPS had an eﬀective
resolution of 33 arcseconds and the catalogue is 98 % complete from 0.4 Jy to 60 Jy.
Chen et al. (2012) surveyed 214 BGPS targets for class I 95-GHz methanol masers that
satisfied the Spitzer GLIMPSE mid-infrared criteria of [3.6] - [4.5] > 1.3, [3.6] - [5.8] >
2.5, [3.6] - [8.0] > 2.5 and 8.0 µm mag less than 10 from Ellingsen (2006) that also had an
associated 1.1-mm dust clump from the BGPS. They detected class I methanol masers in
29 % of their targets. They found the that intensity of the masers was not correlated with
the mid-infrared colours of the target sources, however, they were correlated with the mass
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Figure 2.10: Correlation between class I 95-GHz methanol maser integrated flux densities and
the beam-averaged column densities of their associated BGPS clumps (Chen et al. 2012).
and beam-averaged column density of the associated BGPS sources. Figure 2.10 shows the
correlation between the maser intensity and the beam-averaged column density they found.
Comparing BGPS sources with and without class I methanol masers, they found sources
with an associated maser had higher column densities and flux densities than those without
(Figure 2.11). For the BGPS sources associated with a class I maser, those also associated
with a class II maser had higher column densities and flux densities (see Figure 2.12).
Cyganowski et al. (2013) compared their sample of 94 water masers found towards EGOs
with the associated BGPS dust clumps. They found no correlation between the water maser
luminosity and the clump number density, however, they did find that the water maser
luminosity to be weakly correlated with the clump mass.
ATLASGAL surveyed the Galactic Plane at 870 µm with the APEX telescope in Chilie.
ATLASGAL had a spatial resolution of 19.2 arcseconds and a 5 σ sensitivity of 0.25 Jy beam−1.
Urquhart et al. (2013) studied the ATLASGAL sources associated with the statistically com-
plete sample of the 6.7-GHz methanol masers from the MMB and found masers to be pref-
erentially associated with higher mass clumps.
In this thesis we have used the BGPS and ATLASGAL data to calculate the gas masses
and beam averaged column densities of the clumps that the masers are embedded in. The
gas mass was calculated for both the BGPS and ATLASGAL using the equation
Mgas =
SintD2
κdBν(Tdust)Rd
(2.1)
where Sint is the integrated flux density of the source at 1.1 mm for the BGPS data and
870 µm for the ATLASGAL data. D is the distance to the source, for clumps without masers
we were not able to calculate the masses as we did not have distance measurements for them.
κd is the mass absorption coeﬃcient per unit mass of dust, we used κd = 1.14 cm2 g−1 for
1.1 mm Ossenkopf & Henning (1994) and 1.85 cm2 g−1 for 870 µm (from Schuller et al. (2009)
who calculated this value by interpolating to 870 µm using Ossenkopf & Henning (1994)).
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Figure 2.11: Number of BGPS clumps as functions beam-averaged column density, BGPS
integrated flux density and BGPS source radius. The top panels are the clumps associated
with class I methanol masers and the bottom those without. The mean of each distribution
is marked with a dashed line (Chen et al. 2012).
Figure 2.12: Comparison of the beam-averaged column densities and BGPS integrated flux
densities of BGPS clumps with associated class I and class II masers and those with only
class I (Chen et al. 2012).
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Bν(Tdust) is the Planck function at temperature Tdust which we assumed to be 20 K and Rd
is the dust-to-gas ratio assumed to be 1:100. The mass equation is from Hildebrand (1983)
and assumes that the submillimetre continuum emission is optically thin.
The column density is the molecular hydrogen column inferred from the observed dust
emission, an assumed dust-to-gas ratio and assuming that the dust emission is optically thin.
For comparisons with previous work by Chen et al. (2012) and Urquhart et al. (2013), we
have calculated the beam averaged column density for the BGPS data and for ATLASGAL.
The BGPS beam averaged column density was calculated using
N beamH2 =
S40”
ΩbeamµκdBν(Tdust)Rd
(2.2)
S40” is the 1.1 mm flux density within an aperture with a diameter of 40 arcseconds, Ωbeam
is the solid angle of the beam, µ is the mean mass per particle (we used µ = 2.3 mH for
consistency with Chen et al. (2012)) and the other values are as defined for Equation 2.1.
For the BGPS S40” we applied a 1.5 correction factor to the Rosolowsky et al. (2010) flux
densities as suggested by Dunham et al. (2010) and also an aperture correction of 1.46 to for
the power outside the 40 arcsecond aperture due to the sidelobes of the beam (Aguirre et al.
2011).
The ATLASGAL column density was calculated using
NH2 =
Sν
ΩbeamµκdBν(Tdust)Rd
(2.3)
where Sν is the peak flux density of the clumps and the other values are as defined for
Equation 2.2.
In this thesis, we have used these masses and column densities calculated from dust
emission data, along with other YSO age indicators such as their associated 6.7-GHz methanol
maser properties and mid-infrared emission to investigate how water masers fit within an
evolutionary timeline of high-mass star formation.
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Chapter 3
Water maser observations and
results
Here we present the survey method and results of the water maser observations towards
Methanol Multibeam (MMB) targets between l = 341◦ to 20◦ (through the Galactic Centre).
3.1 Survey Observation Method and Data Reduction
The water maser observations were carried out using the Australia Telescope Compact Array
(ATCA) in the H214 and H168 array configurations. These hybrid array configurations have
both East - West and North - South baselines and so provide better uv coverage for equatorial
sources.
Although the observations were made with a relatively compact array, configurations
having longer baselines would not necessarily equate to greater astrometric accuracy. The
absolute astrometric accuracy of the ATCA is about 0.4 arcseconds (set by the astrometric
accuracy of the phase calibrators and the degree to which they are point sources for the
array configuration, the frequency of the observation and the accuracy to which we know the
locations of the telescopes; Caswell 1997). The astrometric accuracy for these observations
is estimated to range from 0.4 - 2.0 arcseconds (as some of the observations were made
in poor weather). Weather is a major consideration when observing water masers because
of absorption and emission in the 616 - 523 transition by the water vapour in the Earth’s
atmosphere.
The primary beam for the ATCA at 22 GHz is 2.1 arcminutes and the synthesised beams
of the H214 and H168 configurations are ∼ 9.6 and ∼ 12.4 arcseconds respectively. Some of
our sources were observed by Breen et al. (2010a) with the ATCA and our positions agreed
with the positions they obtained to within ∼ 2 arcseconds. Uncertainty is also introduced as
water maser clusters are typically spread over linear scales of around 30 mpc (1 arcsecond
angular scale at 6 kpc; see Forster & Caswell 1989); although in some regions the linear scales
are as much as 5 times greater (4 arcsecond angular scale at 8 kpc; see Reid et al. 1988).
The observations were conducted 2010 November 2-3 (taken with the H214 array con-
figuration), 2011 June 3-5 (H214), 2011 August 8 (H168) and 2011 August 10 (H168). Our
targets consisted of all 6.7-GHz methanol masers in the l = 341◦−20◦ through Galactic Cen-
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tre region, including those which had previously been observed. 323 targets in total. This is
because water masers are known to have extremely variable flux densities (e.g. Breen et al.
2010a) and we wish to have a statistically complete sample of masers at one epoch.
We observed groups of six 6.7-GHz methanol maser targets which were close together
on the sky for 1.5 minutes each before observing a phase calibrator for 1.5 minutes. Each
methanol maser position was observed at least four times, over an hour angle range of at least
six hours, to ensure suﬃcient uv coverage for imaging giving a total on-source time of at least
six minutes. Observations of PKS B1934-638 were taken for primary flux density calibration
(expected to be accurate to ∼ 20 %) and PKS B1253-055 was used for bandpass calibration.
The phase calibrators were PKS B1646-50 (for the l = 341◦ − 348◦ targets), PKS B1714-336
(l = 348◦ − 5◦), PKS B1730-30 (l = 6◦ − 15◦) and PKS B1829-106 (l = 15◦ − 20◦).
The Compact Array Broadband Backend (CABB; Wilson et al. 2011) was configured with
two bands to observe the 22.235-GHz water maser transition in the first band and the am-
monia (1,1) and (2,2) transitions in the second band centred between the two transitions at
23.708 GHz. Each band had 64 MHz bandwidth with 2048 spectral channels corresponding
to a velocity width of 0.42 km s−1 and 0.39 km s−1 for the water and ammonia transi-
tions respectively and velocity resolutions for uniform weighting of the spectral channels of
0.50 km s−1 and 0.47 km s−1 and velocity coverages of > 800 km s−1. The 5 σ detection limit
for these observations ranged from ∼40 mJy to ∼250 mJy depending on weather conditions
and total time on-source. In addition 2 x 2 GHz continuum bands with 32 x 64 MHz channels
were available for the 2011 August observations.
The water maser data were reduced in miriad (Sault et al. 1995) using standard tech-
niques for ATCA spectral line data. We determined the positions for the masers by fitting
a gaussian, with the width of the point spread function of the image, to the emission in
the peak channel. The spectra were produced from these image cubes by integrating the
emission at each maser site. We inspected the image cubes within an small radius of each
methanol maser to find the associated water masers. We did not inspect the whole cubes
throughly since the focus of this study was the evolutionary state of water maser with respect
to 6.7-GHz methanol masers.
3.2 Results
In this thesis the 22-GHz water masers detected towards 6.7-GHz methanol masers from the
MMB in Galactic Longitudes 341◦ to 20◦ (through the Galactic Centre) are reported.
Figure 3.1 shows a histogram of the oﬀsets between the target methanol masers and the
water masers detected around them. We have used an oﬀset of ≤ 3.0 arcseconds from the
6.7-GHz methanol maser to establish association with the exception of 5.885–0.393, 6.795–
0.257 and 10.342–0.142 (for details see Section 3.2.1). Note: 3 arcseconds is not the positional
uncertainty of our maser sites, rather the angular separation we deem reasonable to determine
if masers are associated with the same YSO. For the most distant sources in our sample
3 arcseconds corresponds to a linear scale of ∼200 mpc. We have used a 3 arcsecond criteria
as it will include all the real associations and is consistent with what has been used in other
large, high resolution surveys of water masers with the ATCA such as Breen et al. (2010a)
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and Caswell et al. (2010).
We found 156 of the 323 MMB sources in this range to have associated water maser
emission (∼ 48 %). The spectra of the associated water masers taken with the ATCA are
presented in Figure 3.3 and comments on individual sources of interest are given in Section
3.2.1. We have only determined maser associations based on their angular separation. We
did not use their velocities as water masers are well known for showing emission a long way
from the systemic velocity of the region often spanning many tens to hundreds of km s−1.
We have looked at the distributions of the physical separations in the plane of the sky as
we have good distance estimates to these masers. The distances were taken from Green &
McClure-Griﬃths (2011) or Motogi et al. (2011) where available, of which a few are astro-
metric distances but the majority are the kinematic distances with the near-far ambiguity
resolved using HI self-absorption. For the remaining sources we used the 6.7-GHz methanol
peak velocities and the Reid et al. (2009) rotation curve to estimate their distances. For 15
sources the Reid et al. (2009) rotation curve produced very unrealistic distance estimates,
particularly near the Galactic centre where non-circular motions are large. For these sources
we used estimates which utilise a Baysian approach which takes into account a range of dis-
tance estimations including any trigonometric parallax distances of nearby sources, CO and
kinematic distances (Mark Reid, private communication).
The distribution of projected distances between the methanol and water masers is given
in Figure 3.2. Given the varying distances to the masers, determining association based
on linear separations is desirable, however for ease of comparison with previous work, we
have used the 3 arcsecond angular separation criteria. This will make little diﬀerence to our
results as most of the water masers we have classified as associated are within 0.05 pc of their
methanol maser and all are within 0.2 pc. There are a small number of masers that we have
classified as not associated within 0.05 pc. A couple are separated by less than 3 arcseconds,
however, these were both close pairs of methanol masers with only one water maser detected
(within 3 arcseconds of both of them) and the water masers have been assigned to the closest
methanol maser. The rest have separations greater than 3 arcseconds.
The results of the search are summarised in Table 3.1: column 1 gives the source name
(Galactic Longitude and Latitude) of the target 6.7-GHz methanol maser; columns 2 and 3
give the position of the water maser in Right Ascension and Declination (J2000); column 4
the peak velocity; columns 5 and 6 the minimum and maximum velocities of the emission;
column 7 the peak flux densities; column 8 the integrated flux densities; columns 9, 10 and
11 the peak, minimum and maximum velocities of the associated 6.7-GHz methanol masers;
column 12 the angular oﬀsets; column 13 the epoch of the water observations and column 14
lists the distances to the MMB sources.
Column 15 of Table 3.1 lists the associations with 12.2-GHz methanol and OH masers
from Breen et al. (2012b), Breen et al. (2014), Caswell (1998) and Caswell et al. (2013). Note
that the 12.2-GHz associations are complete, coming from targeted observations towards the
MMB sources. The OH observations are not complete towards all the MMB sources. Caswell
(1998) surveyed the Galactic Plane between l = 312◦ − 356◦ and |b| < 0.6◦ and will have
detected most of the masers above ∼3 Jy. We have indicated MMB sources that lie within
the area of this survey, but no OH emission was detected. Also indicated in this column,
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Figure 3.1: Separations between methanol maser targets and our detected water masers.
Some water masers further than 10 arcseconds from their targets were also detected. We
have zoomed in on this axis for clarity.
Figure 3.2: Linear separations between methanol maser targets and our detected water
masers. We only show up to 1 pc for clarity.
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are sources that were observed for water maser emission in Breen et al. (2010a). In addition
to the maser associations for the sources between l = 6◦ − 20◦, associations with Extended
Green Objects and Infrared Dark Clouds are listed.
The methanol maser sites observed for which we found no associated water emission are
listed in Table 3.2 along with the 5σ detection limits for each source. Note that 23 of the sites
in these tables have shown water emission at other epochs (Breen et al. 2010a; Pillai et al.
2006b), as identified in the 4th column (associations) and are discussed in Sections 3.2.1 and
4.3.
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Table 3.1: Positions and parameters of the water masers between l = 341◦− 6◦ (through 0◦) associated with 6.7-GHz
methanol masers. RA and DEC are in J2000 coordinates. Epochs are coded 1, 2, 3, 4, 5, 6, 7 and 8 for 2011 June 3,
2011 June 4, 2011 June 5, 2011 August 8, 2010 November 2, 2010 November 3, 2011 August 9 and 2011 August 10
respectively. Associations with 12.2-GHz methanol masers (Breen et al., 2012; Breen et al., 2014) are indicated with
an ‘m’, associations with the 1665 MHz transition of OH masers (Caswell, 1998; Caswell et al. 2013) are indicated
with an ‘o’ and sources marked with a ‘*’ are within the survey region for OH by Caswell (1998) and no emission
was detected. Sources observed for water masers in 2003 and/or 2004 by Breen et al. (2010a) are indicated with a
‘w’. From inspection of the GLIMPSE infrared images, masers associated with an Infrared Dark Cloud or Extended
Green Object are indicated with an ‘i’ or ‘e’ respectively. Sources outside of the GLIMPSE survey range are indicated
with an ‘+’. GLIMPSE images were only inspected for sources between l = 6◦ − 20◦. Distances estimates are from
Green et al. (2011) or Motogi et al. (2011) where available, others are the near kinematic distances (these are in
italics) and the remainder are from Mark Reid (private communication) (these are in square brackets).
MMB Target Equatorial Coordinates Sint 6.7-GHz methanol Oﬀ-
Name RA DEC Vpk Vl Vh Spk (Jy km Vpk Vl Vh sets Ep. Dist. Assoc.
(l, b) (h m s) (◦ ’ “) (km s−1) (Jy) s−1) (km s−1) (“) (kpc)
341.218−0.212 16 52 17.88 –44 26 52.8 –39.5 –51.1 –34.8 106. 505. –37.9 –50.0 –35.0 0.6 1 3.1 mow
341.276+0.062 16 51 19.38 –44 13 44.9 –74.9 –77.1 –70.8 1.6 6.9 –70.5 –77.5 –65.5 0.5 1 11.5 mow
341.973+0.233 16 53 02.96 –43 34 55.1 –13.9 –17.1 –8.7 1.2 6.1 –11.5 –12.5 –10.5 0.4 1 1.0 *
342.446−0.072 16 55 59.91 –43 24 23.1 –20.2 –28.2 –18.6 1.0 4.3 –30.0 –32.5 –14.0 0.7 1 2.0 m*
342.484+0.183 16 55 02.30 –43 13 00.1 –49.4 –53.2 –31.5 14.9 108. –41.9 –44.5 –38.5 0.3 1 12.9 m*w
342.954−0.019 16 57 30.63 –42 58 34.6 –6.1 –15.8 2.7 3.3 20.9 –4.1 –14.0 –2.0 0.3 1 0.7 *
343.502−0.472 17 01 18.46 –42 49 37.3 –48.6 –50.7 –25.5 3.6 26.0 –42.0 –43.0 –32.0 0.9 1 3.0 m*
343.756−0.163 17 00 49.88 –42 26 08.8 –38.8 –45.0 –5.3 34.8 268. –30.8 –32.5 –24.0 0.7 1 2.5 *
344.227−0.569 17 04 07.90 –42 18 39.3 –1.4 –52.1 10.1 11.0 230. –19.8 –33.0 –10.5 1.4 1 2.1 mow
344.581−0.024 17 02 57.71 –41 41 53.9 –3.4 –35.3 19.1 366. 2840 1.6 –5.0 2.5 0.2 1 16.2 ow
345.003−0.223 17 05 10.92 –41 29 06.6 –83.6 –86.8 21.8 11.3 62.3 –23.1 –25.0 –20.1 0.6 1 2.2 mow
345.012+1.797 16 56 46.88 –40 14 08.2 –11.3 –31.2 9.6 88.7 534. –12.2 –16.0 –10.0 0.9 1 1.3 mw
345.131−0.174 17 05 23.23 –41 21 10.6 –27.1 –32.3 –20.9 4.9 40.8 –28.9 –31.0 –28.0 0.2 1 2.7 *
345.407−0.952 17 09 35.43 –41 35 56.3 –16.2 –25.4 –11.8 0.4 3.3 –14.3 –15.5 –14.0 0.8 1 1.5 ow
345.424−0.951 17 09 38.55 –41 35 04.6 –14.1 –26.3 –9.0 0.9 7.7 –13.2 –21.0 –5.0 0.1 1 1.4 w
345.441+0.205 17 04 46.87 –40 52 38.1 –20.3 –37.5 3.6 2.7 42.4 0.9 –13.0 2.0 0.1 1 10.8 *
345.487+0.314 17 04 28.37 –40 46 29.8 5.7 –58.4 7.6 1.7 12.9 –22.6 –24.0 –21.5 1.9 1 2.3 *w
345.505+0.348 17 04 22.95 –40 44 24.6 –22.4 –26.2 –9.6 4.8 45.4 –17.8 –23.1 –10.5 3.0 1 10.8 mow
345.807−0.044 17 06 59.84 –40 44 08.2 2.7 –3.8 3.6 1.0 4.1 –2.0 –3.0 –0.5 0.0 1 10.8 m*
345.824+0.044 17 06 40.70 –40 40 09.8 –20.4 –24.1 –1.2 8.1 44.5 –10.3 –12.0 –9.0 0.1 1 10.9 *
345.949−0.268 17 08 23.61 –40 45 21.3 –8.1 –11.8 –3.8 1.2 7.8 –21.9 –22.5 –21.4 0.3 1 14.1 *
345.985−0.020 17 07 27.57 –40 34 43.4 –77.6 –90.5 –69.9 11.3 77.7 –84.1 –85.5 –81.7 0.2 1 11.0 *
346.036+0.048 17 07 20.01 –40 29 48.9 –12.3 –20.5 –7.6 5.0 19.7 –6.4 –14.5 –3.9 0.1 1 10.9 *
346.231+0.119 17 07 39.05 –40 17 52.6 –91.9 –109.4 –90.2 3.1 10.0 –95.0 –96.6 –92.6 0.6 1 10.7 *
346.517+0.117 17 08 33.07 –40 04 14.7 2.2 –4.3 3.5 0.6 3.8 –1.7 –3.0 1.0 1.4 1 10.9 *
346.522+0.085 17 08 42.21 –40 05 08.4 8.1 –5.9 10.2 2.3 16.8 5.7 4.7 6.1 1.1 1 10.9 *w
347.230+0.016 17 11 11.14 –39 33 27.2 –74.8 –78.8 –68.8 9.6 33.1 –68.9 –69.9 –68.0 0.4 1 11.5 *
347.583+0.213 17 11 26.74 –39 09 22.4 –100.4 –104.5 –93.1 0.5 6.0 –102.5 –103.8 –96.0 0.3 1 5.3 m*
347.628+0.149 17 11 50.97 –39 09 29.8 –92.3 –95.0 –90.4 6.7 20.3 –96.5 –98.9 –95.0 0.9 1 5.3 ow
347.631+0.211 17 11 36.13 –39 07 06.9 –89.8 –97.1 –85.4 24.5 97.3 –91.9 –94.0 –89.0 1.0 1 5.7 *w
348.550−0.979 17 19 20.30 –39 03 51.8 –24.1 –25.4 –15.4 0.8 4.1 –10.6 –19.0 –7.0 1.3 1 1.7 mo
348.579−0.920 17 19 10.61 –39 00 24.5 –10.6 –16.9 –8.5 8.0 30.4 –15.0 –16.0 –14.0 0.4 1 1.9 o
348.617−1.162 17 20 18.64 –39 06 50.7 –9.3 –23.5 –4.2 1.5 8.0 –11.4 –21.5 –8.5 0.1 1 1.9 m
348.654+0.244 17 14 32.41 –38 16 16.7 18.1 13.3 20.9 17.0 63.3 16.9 16.5 17.5 0.5 1 11.2 *
348.884+0.096 17 15 50.08 –38 10 12.7 –78.5 –90.3 –73.1 5.3 46.5 –74.5 –79.0 –73.0 0.6 2 11.1 mow
348.892−0.180 17 17 00.17 –38 19 28.2 7.1 –18.3 13.3 1.5 14.0 1.5 1.0 2.0 0.9 2 11.2 ow
349.067−0.017 17 16 50.70 –38 05 14.3 13.0 –9.0 16.9 0.9 3.8 11.6 6.0 16.0 0.4 2 11.3 ow
349.092+0.106 17 16 24.54 –37 59 45.8 –80.5 –87.3 –54.6 15.8 115. –81.5 –83.0 –78.0 0.6 2 5.6 mow
349.151+0.021 17 16 55.86 –37 59 47.7 15.2 12.5 22.9 0.8 6.2 14.6 14.1 25.0 0.3 2 11.3 *
349.799+0.108 17 18 27.70 –37 25 03.5 –60.7 –73.5 –55.0 4.1 18.2 –62.4 –65.5 –57.4 0.5 2 5.1 m*
350.015+0.433 17 17 45.36 –37 03 11.5 –25.3 –41.6 –8.5 1.8 17.7 –30.4 –37.0 –29.0 1.0 2 12.9 ow
350.104+0.084 17 19 26.64 –37 10 53.0 –74.0 –83.3 –62.1 15.2 140. –68.1 –69.0 –67.5 0.4 2 5.3 *
350.189+0.003 17 20 01.38 –37 09 30.3 –65.5 –67.6 –61.3 0.6 2.3 –62.4 –65.0 –62.0 0.4 2 5.1 *
350.340+0.141 17 19 53.39 –36 57 21.2 –54.9 –90.1 –51.4 0.8 14.2 –58.4 –60.0 –57.5 2.5 2 11.5 m*
350.356−0.068 17 20 47.54 –37 03 41.6 –71.3 –74.4 –63.1 0.4 1.6 –67.6 –68.5 –66.0 0.3 2 11.2 *
350.520−0.350 17 22 25.40 –37 05 13.4 –26.9 –38.4 –9.2 3.3 30.8 –24.6 –25.0 –22.0 1.0 2 3.0 *
350.686−0.491 17 23 28.59 –37 01 48.6 –14.1 –17.1 –11.5 22.0 57.5 –13.8 –15.0 –13.0 0.5 2 2.1 mow
351.161+0.697 17 19 57.44 –35 57 53.2 –3.7 –17.4 2.8 45.1 341. –5.2 –7.0 –2.0 0.8 2 1.8 ow
351.417+0.645 17 20 53.36 –35 47 00.0 –7.3 –43.4 13.7 156. 2800 –10.4 –12.0 –6.0 1.1 2 1.7 mow
351.581−0.353 17 25 25.20 –36 12 44.0 –91.6 –112.8 –58.8 110. 864. –94.2 –100.0 –88.0 2.3 2 5.1 ow
351.611+0.172 17 23 21.23 –35 53 32.3 –20.1 –88.7 –17.2 1.1 27.2 –43.7 –46.0 –31.5 0.3 2 4.6 m*
351.775−0.536 17 26 42.57 –36 09 19.1 –0.4 –28.7 28.1 61.9 769. 1.3 –9.0 3.0 1.6 2 0.4 mo
352.133−0.944 17 29 22.26 –36 05 00.5 –12.4 –13.6 2.6 2.2 12.6 –7.8 –18.8 –5.6 0.7 2 2.1 w
352.517−0.155 17 27 11.29 –35 19 32.0 –48.6 –50.4 –44.3 2.2 10.0 –51.3 –52.0 –49.0 0.7 2 11.5 ow
352.584−0.185 17 27 29.51 –35 17 14.3 –77.2 –79.7 –76.4 1.2 2.6 –85.6 –92.6 –79.7 0.8 2 5.1 *
352.630−1.067 17 31 13.82 –35 44 08.5 10.6 –18.2 18.1 14.1 126. –3.0 –8.0 –2.0 1.1 2 0.9 ow
352.855−0.201 17 28 17.61 –35 04 12.5 –60.2 –62.7 –5.6 0.8 9.6 –51.4 –54.1 –50.1 0.5 2 11.3 *
353.216−0.249 17 29 27.68 –34 47 48.3 –14.5 –51.4 10.5 4.8 30.6 –23.0 –25.0 –15.0 1.8 2 3.3 *
353.273+0.641 17 26 01.55 –34 15 15.1 –52.2 –117.8 6.3 182. 954. –4.4 –7.0 –3.0 0.4 2 0.8 w
353.537−0.091 17 29 41.25 –34 26 28.6 –60.3 –72.1 –55.6 0.6 3.7 –56.6 –59.0 –54.0 0.2 2 11.0 m*
354.308−0.110 17 31 48.52 –33 48 29.2 9.1 4.0 20.9 6.1 39.7 18.7 11.0 19.5 0.5 2 [11.6] *
355.344+0.147 17 33 29.02 –32 47 58.8 10.0 5.7 124.0 12.7 38.0 19.9 19.0 21.0 0.4 2 [11.5] o
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Table 3.1: – continued
MMB Target Equatorial Coordinates Sint 6.7-GHz methanol Oﬀ-
Name RA DEC Vpk Vl Vh Spk (Jy km Vpk Vl Vh sets Ep. Dist. Assoc.
(l, b) (h m s) (◦ ’ “) (km s−1) (Jy) s−1) (km s−1) (“) (kpc)
355.346+0.149 17 33 28.89 –32 47 49.5 9.2 6.8 21.3 4.9 16.7 9.9 9.0 12.5 0.3 2 [11.5] *w
355.538−0.105 17 34 59.58 –32 46 23.2 –1.5 –4.7 0.9 2.3 7.1 3.8 –3.5 5.0 0.6 2 17.7 *
355.666+0.374 17 33 24.89 –32 24 21.0 –3.3 –5.6 3.1 0.4 2.0 –3.4 –4.5 0.6 0.3 2 16.4 *
357.558−0.321 17 40 57.15 –31 10 59.6 –4.6 –56.6 38.8 28.7 455. –3.9 –5.5 0.0 0.6 2 1.8 –
357.922−0.337 17 41 55.00 –30 52 54.8 4.0 –14.1 7.9 1.4 8.0 –4.9 –5.5 –4.0 0.8 3 2.5 –
357.965−0.164 17 41 20.10 –30 45 16.7 –5.2 –61.1 37.3 3.3 34.1 –8.8 –9.0 3.0 2.3 3 3.9 w
357.967−0.163 17 41 20.27 –30 45 06.2 0.6 –74.2 103.1 57.8 2220 –4.2 –6.0 0.0 0.6 3 2.2 mow
358.386−0.483 17 43 37.69 –30 33 50.2 –1.9 –6.8 4.2 7.1 28.3 –6.0 –7.0 –5.0 1.9 3 3.5 ow
358.460−0.391 17 43 26.72 –30 27 11.8 –4.5 –19.5 –1.8 3.2 28.0 1.2 –0.5 4.0 0.7 3 [3.5] –
358.931−0.030 17 43 09.96 –29 51 46.0 –21.6 –25.3 –12.5 0.7 7.2 –15.9 –22.0 –14.5 0.7 3 6.4 –
358.980+0.084 17 42 50.32 –29 45 41.4 –8.1 –10.3 6.1 0.4 3.0 6.2 5.0 7.0 1.9 3 [3.8] –
359.138+0.031 17 43 25.62 –29 39 17.3 –1.3 –121.4 49.7 304. 2300 –3.9 –7.0 1.0 0.6 3 3.7 ow
359.436−0.104 17 44 40.56 –29 28 15.8 –56.7 –61.1 –38.8 13.4 70.4 –46.7 –53.0 –45.0 0.5 3 7.9 mow
359.436−0.102 17 44 40.05 –29 28 12.4 –57.1 –61.2 –54.1 13.2 80.3 –54.0 –58.0 –53.6 2.1 3 8.0 w
359.615−0.243 17 45 39.08 –29 23 30.3 23.4 –6.1 65.7 80.2 457. 22.6 14.0 27.0 0.4 3 7.7 mow
359.970−0.457 17 47 20.18 –29 11 59.0 4.7 2.7 12.8 1.1 6.1 23.8 20.0 24.1 0.4 3 8.3 ow
0.167−0.446 17 47 45.46 –29 01 29.4 14.0 7.6 18.1 2.8 22.5 13.8 9.5 17.0 0.2 3 8.0 –
0.315−0.201 17 47 09.10 –28 46 16.0 19.9 13.3 33.8 2.9 18.7 19.4 14.0 27.0 0.5 3 7.8 mw
0.376+0.040 17 46 21.38 –28 35 39.9 38.8 –15.6 71.5 119. 483. 37.0 35.0 40.0 0.4 3 8.0 ow
0.496+0.188 17 46 03.95 –28 24 51.8 0.9 –9.9 20.8 1.5 12.4 0.8 –12.0 2.0 1.0 3 3.6 mow
0.546−0.852 17 50 14.41 –28 54 30.1 17.3 –95.0 123.7 204. 3250 11.8 8.0 20.0 1.3 3 7.0 mow
0.836+0.184 17 46 52.80 –28 07 36.0 –52.8 –58.7 16.1 0.9 20.3 3.6 2.0 5.0 1.4 3 4.6 m
1.008−0.237 17 48 55.28 –28 11 48.0 0.8 –0.5 3.2 1.7 4.5 1.6 1.0 7.0 0.2 3 2.9 –
1.147−0.124 17 48 48.50 –28 01 11.1 –22.2 –25.4 0.8 4.3 51.6 –15.3 –20.5 –14.0 0.3 3 4.1 –
2.143+0.009 17 50 36.11 –27 05 47.1 60.0 54.9 79.4 1.7 13.0 62.7 54.0 65.0 0.7 4 7.3 ow
2.521−0.220 17 52 21.15 –26 53 20.3 2.4 –0.8 4.1 3.8 18.6 4.2 –7.5 5.0 0.8 4 2.6 –
2.536+0.198 17 50 46.49 –26 39 45.1 4.9 –0.9 12.5 0.5 5.4 3.2 2.0 20.5 0.4 4 2.2 mw
2.591−0.029 17 51 46.70 –26 43 50.5 –12.2 –15.2 –8.9 2.8 12.4 –8.2 –9.5 –4.0 0.7 4 [4.2] –
2.615+0.134 17 51 12.28 –26 37 36.7 97.6 95.7 103.2 0.5 3.2 94.5 93.5 104.0 0.5 4 7.5 m
3.312−0.399 17 54 50.02 –26 17 48.6 7.4 0.3 10.3 3.4 12.9 0.5 0.0 10.0 3.0 4 0.6 –
3.502−0.200 17 54 30.08 –26 02 00.3 47.5 45.3 48.5 0.6 1.5 43.9 43.0 45.5 1.0 4 6.3 m
4.434+0.129 17 55 19.73 –25 03 44.6 –6.0 –28.0 53.8 2.0 26.9 –0.9 –1.5 8.0 0.2 4 [4.3] –
4.676+0.276 17 55 18.32 –24 46 45.3 –0.9 –6.9 1.7 0.2 1.5 4.4 –5.5 6.0 0.2 4 1.6 –
5.618−0.082 17 58 44.90 –24 08 38.4 –27.4 –33.0 –15.6 0.3 3.5 –27.0 –28.0 –18.5 2.4 4 5.1 m
5.630−0.294 17 59 34.52 –24 14 23.6 18.0 16.1 20.9 1.8 6.9 10.6 9.0 22.0 1.1 4 3.4 m
5.657+0.416 17 56 56.53 –23 51 41.3 18.8 12.6 21.2 4.6 30.4 20.1 13.0 22.0 0.7 4 13.1 –
5.677−0.027 17 58 39.94 –24 03 56.7 –9.3 –14.4 0.1 1.4 9.8 –11.5 –14.5 –11.0 0.6 4 [4.5] –
5.885−0.393 18 00 30.44 –24 04 00.8 11.8 –59.7 46.0 46.3 269. 6.7 6.0 7.5 3.8 4 1.28 ow
5.900−0.430 18 00 40.72 –24 04 18.9 12.3 –13.4 30.4 2.2 28.2 10.4 0.0 10.6 2.6 4 1.6 w
6.189−0.358 18 01 02.16 –23 47 10.4 -29.4 -48.3 -24.7 13.1 36.5 -30.2 -37.5 -27.1 0.4 7 5.1 ie
6.588−0.192 18 01 16.07 –23 21 25.7 -1.4 -3.5 -0.1 1.6 3.0 5.0 3.5 7.0 1.5 7 1.4 –
6.610−0.082 18 00 54.03 –23 17 02.8 2.9 -4.2 7.1 3.7 21.8 0.8 -6.6 7.5 0.3 6 0.3 mw
6.795−0.257 18 01 57.53 –23 12 33.0 14.7 -3.0 19.3 19.8 122. 16.3 12.1 31.4 3.4 6 3.1 ow
7.166+0.131 18 01 17.47 –22 41 43.7 76.3 71.2 81.7 3.6 9.1 85.7 74.5 91.0 0.2 7 11.6 –
7.601−0.139 18 03 14.40 –22 27 00.7 148.5 145.1 154.0 1.4 9.7 154.7 151.0 156.5 0.3 7 7.4 –
7.632−0.109 18 03 11.59 –22 24 32.0 155.3 143.4 156.5 1.1 3.8 157.0 146.5 158.9 0.6 7 7.4 –
8.139+0.226 18 03 00.83 –21 48 10.7 27.2 10.3 31.8 0.4 4.1 19.9 18.8 21.8 1.5 6 3.2 mw
8.317−0.096 18 04 36.09 –21 48 20.2 47.3 31.6 48.5 0.5 2.3 47.1 44.0 49.2 1.2 7 11.7 i
8.669−0.356 18 06 18.97 –21 37 32.2 34.2 22.7 49.3 14.4 114. 39.0 35.8 39.7 0.2 6 4.4 omw
8.832−0.028 18 05 25.65 –21 19 24.8 -9.8 -26.6 9.9 12.3 93.3 -3.8 -6.0 5.9 0.3 7 5.2 e
9.215−0.202 18 06 52.83 –21 04 27.1 36.3 34.6 39.6 2.7 12.7 45.6 36.0 50.0 0.4 7 4.6 i
9.621+0.196 18 06 14.77 –20 31 33.8 -6.0 -14.8 11.7 18.2 222. 1.3 -4.8 8.9 2.1 6 5.2 omw
9.986−0.028 18 07 50.14 –20 18 56.4 52.5 41.1 63.0 12.9 72.8 42.2 40.6 51.8 0.3 6 12.0 mwi
10.287−0.125 18 08 49.33 –20 05 58.9 13.8 2.8 15.0 1.0 7.8 4.5 1.5 6.0 0.4 6 0.7 mwie
10.320−0.259 18 09 23.28 –20 08 06.6 43.1 40.5 46.4 5.4 13.2 39.0 35.0 39.6 0.3 7 3.9 –
10.342−0.142 18 08 59.96 –20 03 39.1 10.0 -1.8 65.1 10.5 191. 14.8 6.0 18.0 3.2 6 1.8 w
10.444−0.018 18 08 44.88 –19 54 38.4 71.5 65.6 81.2 12.6 75.0 73.4 67.6 79.0 0.3 6 11.0 omi
10.472+0.027 18 08 38.54 –19 51 50.1 87.6 18.4 286.8 75.3 1340 75.1 57.5 77.6 0.9 6 8.5 omw
10.724−0.334 18 10 29.99 –19 49 06.1 -21.6 -25.4 -18.2 0.8 2.4 -2.1 -2.5 -1.6 0.9 7 5.2 –
10.822−0.103 18 09 50.45 –19 37 13.9 63.5 61.3 67.6 0.4 1.7 72.1 68.0 74.0 1.0 7 5.3 –
10.886+0.123 18 09 07.95 –19 27 24.0 13.8 11.2 26.8 21.1 68.9 17.2 14.0 22.5 2.2 7 2.5 e
10.958+0.022 18 09 39.26 –19 26 27.7 24.4 18.5 27.3 5.9 19.9 24.5 23.0 25.5 0.8 6 13.5 w
11.034+0.062 18 09 39.86 –19 21 20.2 17.7 5.4 22.7 0.5 4.7 20.6 15.2 21.0 0.4 6 2.4 ow
12.199−0.033 18 12 23.42 –18 22 51.2 47.4 44.0 55.3 0.9 3.9 49.3 48.2 57.1 0.6 8 12.0 –
12.209−0.102 18 12 39.76 –18 24 18.0 22.0 -13.4 41.7 41.3 1170 19.8 16.0 22.0 1.4 6 2.3 omw
12.265−0.051 18 12 35.37 –18 19 52.1 59.2 56.6 63.4 2.6 11.7 68.3 58.0 70.9 0.5 8 11.5 –
12.681−0.182 18 13 54.75 –18 01 46.5 59.9 45.1 74.2 702. 2490 57.5 50.0 62.0 0.0 6 4.5 omw
12.889+0.489 18 11 51.39 –17 31 28.8 29.9 23.9 32.8 12.3 44.8 39.2 28.0 43.0 0.8 6 2.3 omw
12.904−0.031 18 13 48.27 –17 45 39.7 66.2 60.7 69.1 13.5 70.4 59.1 55.8 61.0 0.9 8 4.5 e
12.909−0.260 18 14 39.51 –17 52 01.2 37.5 33.3 42.1 4.7 19.2 39.9 34.7 47.0 1.3 6 3.7 omwe
13.657−0.599 18 17 24.25 –17 22 12.6 47.7 34.5 55.6 10.1 95.0 51.3 45.0 52.7 0.2 8 12.3 o
14.101+0.087 18 15 45.80 –16 39 09.3 8.5 -1.5 10.6 14.5 43.7 15.4 4.4 16.6 0.1 8 5.4 –
14.604+0.017 18 17 01.14 –16 14 39.1 27.4 16.0 35.3 8.2 86.9 24.7 22.1 35.8 1.2 8 2.8 m
15.094+0.192 18 17 20.84 –15 43 45.7 28.3 -14.6 32.0 13.2 99.9 25.8 22.5 26.5 0.8 8 13.8 –
15.665−0.499 18 20 59.79 –15 33 09.9 -6.8 -9.3 -1.3 11.3 58.9 -2.9 -5.0 -2.0 0.7 5 16.7 e
16.585−0.051 18 21 09.16 –14 31 49.0 64.6 54.0 72.1 26.7 196. 62.1 52.0 69.5 0.7 6 4.3 om
16.831+0.079 18 21 09.52 –14 15 08.8 41.1 38.1 84.5 1.2 13.2 58.7 57.2 69.4 0.3 5 11.8 –
16.864−2.159 18 29 24.37 –15 16 04.5 6.1 -12.4 25.4 6.8 40.3 15.0 14.0 20.0 0.6 5 1.70 om +
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Table 3.1: – continued
MMB Target Equatorial Coordinates Sint 6.7-GHz methanol Oﬀ-
Name RA DEC Vpk Vl Vh Spk (Jy km Vpk Vl Vh sets Ep. Dist. Assoc.
(l, b) (h m s) (◦ ’ “) (km s−1) (Jy) s−1) (km s−1) (“) (kpc)
17.021−2.403 18 30 36.31 –15 14 28.1 21.1 15.2 27.4 5.3 25.3 23.6 17.0 25.0 0.4 5 2.0 –+
17.638+0.157 18 22 26.47 –13 30 11.6 19.7 12.9 29.3 7.4 55.5 20.8 20.0 22.0 2.5 6 2.0 ow
18.341+1.768 18 17 58.19 –12 07 25.2 13.4 5.7 16.3 0.9 11.4 28.1 26.0 32.0 1.0 5 2.2 –+
18.661+0.034 18 24 51.10 –12 39 21.9 78.4 21.0 86.3 1.3 16.7 79.0 76.0 83.0 0.5 5 11.2 –
18.735−0.227 18 25 56.46 –12 42 48.0 33.7 18.9 52.6 54.4 590. 38.2 36.3 38.5 1.4 5 13.0 –
18.999−0.239 18 26 29.32 –12 29 07.8 -11.9 -27.0 4.9 5.6 76.4 69.4 65.0 69.8 1.4 5 4.3 i
19.009−0.029 18 25 44.80 –12 22 45.4 67.4 65.3 68.2 0.5 2.4 55.4 53.0 63.0 0.8 5 12.0 e
19.267+0.349 18 24 52.36 –11 58 28.0 27.2 13.6 31.3 7.5 37.9 16.3 12.5 17.5 0.3 5 14.5 –
19.472+0.170n 18 25 54.69 –11 52 33.9 21.6 -84.9 25.8 9.2 72.3 21.7 17.0 23.0 1.0 5 1.8 oi
19.486+0.151 18 26 00.42 –11 52 22.0 26.0 22.2 29.3 2.7 10.2 20.9 19.0 27.5 0.7 5 2.0 o
19.496+0.115 18 26 09.28 –11 52 51.7 125.0 107.3 128.8 0.9 6.9 121.3 120.0 122.0 1.8 5 9.8 ie
19.609−0.234 18 27 38.06 –11 56 37.2 42.5 20.1 69.8 69.7 1320 40.2 36.0 42.0 1.2 6 2.9 om
19.612−0.134 18 27 16.56 –11 53 37.8 56.8 53.8 58.5 1.7 6.0 56.5 49.0 61.0 0.7 5 12.1 om
19.614+0.011 18 26 45.23 –11 49 31.9 35.1 32.1 36.7 2.7 8.6 32.9 30.8 34.8 0.5 5 13.2 –
19.701−0.267 18 27 55.47 –11 52 40.3 42.1 36.2 58.9 1.6 14.1 43.8 41.5 46.5 0.7 5 12.6 i
19.884−0.534 18 29 14.36 –11 50 22.7 44.1 0.7 49.6 21.7 178. 46.8 46.0 48.0 0.2 5 3.3 e
3.2. RESULTS 35
Table 3.2: 6.7-GHz methanol masers with no associated water maser emission. Column 1 is the name of
the target methanol maser given in Galactic coordinates; column 2 is the 5 sigma detection limit; column 3
is the epoch of observation coded 1, 2, 3, 4, 5, 6, 7 and 8 for 2011 June 3, 2011 June 4, 2011 June 5, 2011
August 8, 2010 November 2, 2010 November 3, 2011 August 9 and 2011 August 10 respectively. Column
4 gives associations with water masers detected in Pillai et al. (2006b) or the Breen et al. (2010a) 2003
or 2004 observations but not in ours are indicated with a ‘w’, associations with 12.2-GHz methanol masers
(Breen et al., 2012; Breen et al., 2014) are indicated with an ‘m’, associations with the 1665 MHz transition
of OH masers (Caswell, 1998; Caswell et al. 2013) are indicated with an ‘o’, sources marked with a ‘*’
are within the survey region for OH by Caswell (1998) and no emission was detected and associations with
Infrared Dark Clouds or Extended Green Objects indicated with an ‘i’ or ‘e’ respectively from inspection
of the GLIMPSE infrared images. Sources outside of the GLIMPSE survey range are indicated with an
‘+’. GLIMPSE images were only inspected for sources between l = 6◦ − 20◦. Column 5 is the distance to
the methanol maser. Distances estimates are from Green et al. (2011) where available, others are the near
kinematic distance (these are in italics) and the remainder are from Mark Reid (private communication)
(these are in square brackets).
MMB Target Det. MMB Target Det.
Source Name lim. Ep. Assoc. Dist. Source Name lim. Ep. Assoc. Dist.
(l, b) (mJy) (kpc) (l, b) (mJy) (kpc)
341.124−0.361 250 1 * 3.0 350.470+0.029 175 2 m* 1.3
341.238−0.270 250 1 m* 3.5 350.776+0.138 175 2 * 11.4
341.367+0.336 250 1 * 11.2 351.242+0.670 175 2 – 1.8
341.990−0.103 250 1 * 3.0 351.251+0.652 175 2 – 1.8
342.251+0.308 250 1 * 9.9 351.382−0.181 175 2 m* 5.4
342.338+0.305 250 1 m* 10.3 351.417+0.646 175 2 wmo 1.8
342.368+0.140 250 1 * 0.6 351.445+0.660 185 2 m 1.17
343.354−0.067 250 1 m* 9.9 351.688+0.171 185 2 m* 12.1
343.929+0.125 250 1 m* 18.6 352.083+0.167 185 2 m* 11.0
344.419+0.044 250 1 * 4.4 352.111+0.176 190 2 wm* 5.3
344.421+0.045 250 1 wm* 4.7 352.525−0.158 200 2 w* 11.2
345.003−0.224 250 1 wm* 2.7 352.604−0.225 200 2 * 5.1
345.010+1.792 250 1 wm 2.0 352.624−1.077 200 2 – 17.8
345.198−0.030 250 1 m* 10.8 353.363−0.166 200 2 * 5.1
345.205+0.317 250 1 * 11.8 353.370−0.091 200 2 m* 5.2
345.498+1.467 250 1 – 1.5 353.378+0.438 200 2 * 13.9
345.576−0.225 250 1 * 5.5 353.410−0.360 200 2 mo 3.4
346.480+0.221 250 1 m* 14.4 353.429−0.090 200 2 * 11.1
346.481+0.132 250 1 w* 10.9 353.464+0.562 200 2 wo 11.2
347.817+0.018 250 1 * 13.8 354.206−0.038 200 2 * 5.0
347.863+0.019 250 1 m* 13.1 354.496+0.083 200 2 m* 11.7
347.902+0.052 250 1 m* 2.9 354.615+0.472 200 2 wmo 3.8
348.027+0.106 250 1 * 6.4 354.701+0.299 200 2 * 6.1
348.195+0.768 250 1 m 16.5 354.724+0.300 200 2 mo 5.8
348.550−0.979n 250 1 m 2.2 355.184−0.419 210 2 * 0.1
348.723−0.078 250 1 m* 11.2 355.343+0.148 215 2 wmo [1.6]
348.703−1.043 250 1 m 1.3 355.545−0.103 225 2 * 11.7
348.727−1.037 125 2 m 1.2 355.642+0.398 225 2 * 14.5
349.092+0.105 125 2 wm* 11.1 356.054−0.095 225 2 * [11.4]
349.579−0.679 150 2 – 13.5 356.662−0.263 225 2 o 6.6
349.884+0.231 160 2 * 11.3 357.559−0.321 225 3 m [4.1]
350.011−1.342 170 2 o 3.1 357.924−0.337 210 3 m 16.9
350.105+0.083 175 2 wm* 5.5 358.263−2.061 200 3 m [2.2]
350.116+0.084 175 2 * 11.4 358.371−0.468 200 3 wm [3.4]
350.116+0.220 175 2 m* 17.8 358.460−0.393 200 3 – 4.1
350.299+0.122 175 2 wm* 11.3 358.721−0.126 200 3 m 0.6
350.344+0.116 175 2 m* 11.4 358.809−0.085 200 3 m 7.7
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Table 3.2: – continued
MMB Target Det. MMB Target Det.
Source Name lim. Ep. Assoc. Dist. Source Name lim. Ep. Assoc. Dist.
(l, b) (mJy) (kpc) (l, b) (mJy) (kpc)
358.841−0.737 180 3 m 6.7 11.936−0.616 150 8 m 3.7
358.906+0.106 175 3 m 6.6 11.992−0.272 150 8 – 11.7
359.938+0.170 170 3 – [7.2] 12.025−0.031 125 8 mo 11.1
0.092+0.663 150 3 m 8.27 12.112−0.126 150 8 m 4.1
0.212−0.001 160 3 wm 8.2 12.181−0.123 150 8 – 3.1
0.316−0.201 200 3 w 7.9 12.202−0.120 55 6 i 3.2
0.409−0.504 225 3 – 7.8 12.203−0.107 55 6 w 2.9
0.475−0.010 225 3 – 7.8 12.526+0.016 150 8 m 12.6
0.645−0.042 250 3 – 7.9 12.625−0.017 100 8 m 2.7
0.647−0.055 250 3 – 7.9 12.776+0.128 150 8 – 13.2
0.651−0.049 250 3 m 7.9 13.179+0.061 150 8 i 4.1
0.657−0.041 250 3 wo 7.9 13.696−0.156 140 8 m 10.9
0.665−0.036 250 3 – 8.0 13.713−0.083 100 8 – 4.0
0.666−0.029 250 3 m 8.0 14.230−0.509 120 8 – 2.6
0.667−0.034 250 3 m 8.0 14.390−0.020 100 8 m 13.6
0.672−0.031 250 3 – 8.0 14.457−0.143 110 8 – 3.6
0.673−0.029 250 3 – 8.0 14.490+0.014 110 8 i 2.3
0.677−0.025 240 3 – 8.1 14.521+0.155 115 8 m 5.5
0.695−0.038 230 3 – 8.0 14.631−0.577 150 8 ie 13.7
1.329+0.150 225 3 – 17.0 14.991−0.121 140 8 – 12.3
1.719−0.088 225 3 m [4.2] 15.034−0.677 150 8 mo 2.3
2.703+0.040 125 4 m 7.5 15.607−0.255 160 8 – 11.7
3.253+0.018 125 4 m 1.4 16.112−0.303 60 5 – 3.0
3.442−0.348 125 4 – 2.0 16.302−0.196 45 5 m 3.8
3.910+0.001 125 4 o 4.4 16.403−0.181 55 5 – 12.9
4.393+0.079 125 4 m 1.0 16.662−0.331 70 5 – 12.7
4.569−0.079 135 4 – 2.8 16.855+0.641 80 5 – 13.8
4.586+0.028 140 4 – 4.8 16.976−0.005 60 5 m 15.3
4.866−0.171 150 4 – 1.8 17.029−0.071 65 5 – 10.8
6.368−0.052 40 7 – 7.4 17.862+0.074 50 5 m 10.2
6.539−0.108 50 7 – 13.9 18.073+0.077 70 5 m 3.6
6.881+0.093 50 7 – 17.3 18.159+0.094 50 5 – 12.0
8.683−0.368 50 7 moe 4.5 18.262−0.244 75 5 m 4.7
8.872−0.493 45 7 – 3.4 18.440+0.045 70 5 – 11.8
9.619+0.193 50 7 mo 5.2 18.460−0.004 45 5 oi 3.5
10.205−0.345 40 7 – 1.4 18.667+0.025 45 5 me 11.2
10.299−0.146 50 7 – 2.7 18.733−0.224 80 5 – 12.5
10.323−0.160 75 6 mw 1.6 18.834−0.300 60 5 – 3.1
10.356−0.148 50 7 i 4.6 18.874+0.053 60 5 m 12.9
10.480+0.033 75 6 woi 11.4 18.888−0.475 80 5 ie 3.8
10.627−0.384 50 7 m 0.2 19.249+0.267 80 5 i 14.3
10.629−0.333 40 7 i 5.2 19.365−0.030 75 5 e 2.3
11.109−0.114 35 7 mw 13.2 19.472+0.170 60 5 i 1.8
11.497−1.485 75 6 mw+ 1.6 19.612−0.120 75 5 – 12.2
11.903−0.102 50 7 mo 12.9 19.667+0.114 50 5 – 14.4
11.904−0.141 75 6 mwo 4.0 19.755−0.128 80 5 – 9.9
11.936−0.150 150 8 – 12.2
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3.2.1 Comments on individual sites of maser emission.
341.218–0.212. This water maser showed strong variation in its flux density, with a peak flux
density of 120 Jy in 2003 and 33 Jy in the 2004 observations of Breen et al. (2010a). In our
observations in 2011 it had increased again to 106. Jy. Although the intensity varied greatly,
the velocities of the emission remained similar over these three epochs.
345.003–0.223 and 345.003–0.224. This pair of methanol masers has been found to
show variability in both sites (Caswell et al. 1995). Goedhart et al. (2004) monitored these
methanol masers over more than four years and found no periodicities on these timescales.
The water maser associated with 345.003–0.223 was also detected by Breen et al. (2010a) in
2003 to have a peak flux density of 3.0 Jy, in 2004 at 3.7 Jy. It had two main features and
Breen et al. (2010a) found the peak to be the feature at 15 kms−1, but in our observations
in 2011 the other feature at -83.6 kms−1 had flared to 11.3 Jy to become the peak.
345.010+1.792 and 345.012+1.797. 345.010+1.792 is associated with an UCHII region
(Caswell 1997), and many other class II methanol maser transitions (Ellingsen et al. 2012).
Breen et al. (2010a) detected water maser emission in 2003 with a peak flux density of 2.0 Jy,
but it was not detected in their 2004 observations (detection limit of 0.2 Jy) nor in our
observations. 345.012+1.797 was observed by Breen et al. (2010a) in 2003 and 2004 and in
our observations to have peak flux densities of 50, 29 and 88.7 Jy, respectively.
349.092+0.106. This water maser showed strong variation in its flux density, with a peak
flux density of 34 Jy in 2003 and 154 Jy in the 2004 observations of Breen et al. (2010a).
In our observations in 2011 it had decreased again to 15.8 Jy. Although the intensity varied
greatly, the overall shape of the spectra remained similar with the peak velocity at ∼80 kms−1
in all three epochs.
351.417+0.645. In 2003 this water maser had peak flux density of 1400 Jy (Breen et al.
2010a, note it was not observed by them in 2004). In our observations its peak flux density
had decreased to 156 Jy, and the peak was a diﬀerent component. The spectra at both epochs
had many features, but the spectra in 2003 had a larger total velocity range than in 2011
(-58 to 50 kms−1 compared to -43.4 to 13.7 kms−1).
351.581–0.353. In 2003 this water maser had peak flux density of 1600 Jy (Breen et al.
2010a) (note it was not observed by them in 2004). In our observations in 2011 the spectra
maintained similar velocities although its peak flux density had decreased to 110. Jy.
352.630–1.067. This water maser showed strong variation in its flux density, with a peak
flux density of 35 Jy in 2003 and 700 Jy in the 2004 observations of Breen et al. (2010a).
The peak feature was in the centre of the spectra at ∼0 kms−1 in the Breen et al. (2010a)
observations and only this feature showed showed strong variation, with the features on either
side remaining similar in each epoch. In our observations the peak feature was at 10.6 kms−1
(peak flux density of 14.1 Jy) and the central feature at ∼0 kms−1 had decreased to ∼10 Jy.
353.273+0.641. This source was identified by Caswell & Phillips (2008) to be an unusual
water maser dominated by a blue-shifted outflow. It was observed by Breen et al. (2010a)
in 2004 with peak flux density of 366 Jy, in 2007 by Caswell & Phillips (2008) with a peak
of 45 Jy and in our observations in 2011 with a peak flux density of 182 Jy. It remained
dominated by the blue-shifted emission at all epochs with the strongest emission coming from
the features clustered around ∼50 kms−1.
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Figure 3.3: Spectra obtained with the ATCA of water masers associated with 6.7-GHz
methanol masers.
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Figure 3.3: – continued
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357.965–0.164 and 357.967–0.163. These are two distinct methanol maser sites with a
small separation (7 arcseconds). We used the near kinematic distances of 3.9 and 2.2 kpc
respectively (they are the same within errors) rather than the HI self-absorption distance from
Green & McClure-Griﬃths (2011) of 15.2 kpc. We have chosen the near distances as 357.965–
0.164 is also associated with a rare 23.4-GHz class I methanol maser and very strong 9.9-GHz
class I methanol maser whose flux density is more than an order of magnitude stronger than
in other known sources (Voronkov et al. 2011) and the Green & McClure-Griﬃths (2011)
distance was identified as unreliable in their paper. The systemic velocity of the region is
∼ –3.0 kms−1 as that is the median velocity of the 6.7-GHz methanol maser emission for both
sources. 357.967–0.163 has the stronger methanol maser emission and is also accompanied
by a 12.2-GHz methanol maser and an OH maser (Breen et al. 2012b; Caswell et al. 2013).
It’s water maser emission is continuous over 177 kms−1. In our observations it had a velocity
range of –74.2 to 103.1 kms−1 with a peak velocity of 0.6 kms−1 and a peak flux density of
57.8 Jy. Breen et al. (2010a) observed this source in 2003 and found it to have continuous
emission over –80 to +100 kms−1 with a peak velocity of 0 kms−1 and a peak flux density
of 40 Jy and in 2004 a velocity range of –81 to +87 kms−1, peak velocity of –65 kms−1 and
peak flux density 57 Jy. 357.965–0.164 is the weaker 6.7-GHz methanol maser of the two
with the smaller velocity range and most of its emission around the systemic velocity (–6.0
to 0.0 kms−1) and no OH counterpart. It’s water maser is also the weaker of the two and has
a velocity range of –61.1 to 37.3 kms−1, but most of the strong emission is within a couple
of kms−1 of the peak (–5.2 kms−1), close to the systemic velocity of the region. The higher
velocity features are very weak in comparison (< 0.5 Jy).
359.615–0.243. A strong methanol maser identified to be variable by Caswell et al. (1995)
and monitored by Goedhart et al. (2004), and no periodicities in the variability were observed.
The associated water maser emission is also quite variable, in 2003 it had a peak flux density
of 7 Jy, in 2004 it was 14 Jy (Breen et al. 2010a) and in our 2011 observations 80.2 Jy.
0.546–0.852. The water maser has velocity range of 218.7 kms−1. Water maser emission
was previously detected by Forster & Caswell (1999) who found the velocities of the maser
site to range from –12.95 to 56.90 kms−1, these were some of the features in the middle of
the total velocity range we observed in our observations (see Figure 3.3). Breen et al. (2010a)
found an even greater velocity range of –60 to 110 kms−1 in 2003, and in our observations
we found weaker high-velocity features out to –95.0 and +123.7 kms−1.
5.885–0.393. This source has been studied extensively in water, OH and methanol and
the latest water information from Motogi et al. (2011) gives an astrometric distance of
1.28+0.09−0.08 kpc, and confirms the very large angular extent of more than 4 arcseconds, which
is not surprising at this quite small distance. Some of the Motogi et al. (2011) water features
are within 2 arcseconds of MMB methanol maser, so even though we find the angular oﬀset
to be 3.8 arcseconds we can establish that this water maser emission is associated with the
target methanol maser.
6.795–0.257 and 10.342–0.142. These sources are separated from their nearest methanol
targets by 3.4 and 3.2 arcseconds respectively. The Breen et al. (2010a) positions for these
two masers are a little closer to the methanol masers than the positions obtained in these
observations; inspection of the Spitzer Galactic Legacy Infrared Midplane Survey Extraor-
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dinaire (GLIMPSE) three colour images point to the emission coming from the same object
and both water masers have emission at similar velocities to that of their target methanol
maser, hence we have classified them as associated with their target methanol maser despite
being greater than 3 arcseconds away.
10.287–0.125, 10.886+0.123, 12.909–0.260, 15.665–0.499, 19.496+0.115,19.884–0.534,
14.631–0.577, 18.667+0.025, 18.888–0.475, 19.365–0.030. These sources we identified as
having extended emission in the GLIMPSE 4.5 µm band that appear similar to the EGOs
identified by Chen et al. (2013a,b); Cyganowski et al. (2008) but are not in their catalogues.
6.189–0.358. This source has a strong methanol maser (221.6 Jy) and a weaker water
maser (13.1 Jy). Inspection of the GLIMPSE three colour images shows emission in the
4.5 µm band in excess of the other bands around the object the masers are associated with
and this object is embedded within an Infrared Dark Cloud.
10.444–0.018. The GLIMPSE three colour image of this source does not show anything at
the location of these masers, although it is associated with a 1.1-mm dust clump detected with
the Bolocam Galactic Plane Survey. This is a distant source at 11.0 kpc (Green & McClure-
Griﬃths 2011) so this may account for the lack of mid-infrared emission. Also associated
with this source is an OH and 12.2-GHz methanol maser (Breen et al. 2014; Caswell 1998)
the presence of which suggests that this is not a particularly young maser region.
10.472+0.027. This water maser has a high velocity feature oﬀset 250 km s−1 from the
systemic velocity of the region (assuming the 6.7-GHz methanol maser peak velocity to be at
the systemic velocity) and covers a total velocity range of 296 km s−1. It is oﬀset 0.9 arcsec
from the 6.7-GHz methanol maser and is the highest velocity water maser feature known in
any high mass star formation region. This may be because previous studies have not had
the velocity coverage of this survey (> 800 km s−1). Further discussion of this source is
presented in Titmarsh et al. (2013). This source was also detected in the Breen et al. (2010a)
observations, although they did not have suﬃcient velocity coverage to detect the extreme
high velocity features seen in our observations.
14.457–0.143. We note that there is a typographical error in the MMB paper Green et al.
(2010). The declination given is –16◦27￿57￿￿.5, however, the correct declination is –16◦26￿57￿￿.5.
18.999–0.239. The 6.7-GHz methanol maser has one narrow feature with a peak velocity
of 69.4 km s−1, yet the associated water maser peaks at -11.86 km s−1 with no emission
anywhere near the velocity of the methanol. Caswell & Phillips (2008) suggested that the
water masers dominated by blueshifted emission such as this one generally occur at an early
stage in the evolution of a YSO as they generally do not have an associated OH maser (this
source does not have an OH maser detected above 0.2 Jy; Caswell et al. 2013). This source
was previously unknown, and inspection of the GLIMPSE three colour images shows an EGO
associated with this YSO, suggesting that this water maser may be powered by an outflow
or shock from this source.
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Chapter 4
Discussion of maser properties
This chapter combines the analysis of water and methanol maser luminosities, velocities and
variability done in both survey areas, l = 341◦ − 6◦ (through 0◦) and l = 6◦ − 20◦, that
were originally published separately. The comparison with the HOPS data is an exception
to this however, and has only been done for the l = 341◦ − 6◦ (through 0◦) as the HOPS
high-resolution follow-up data was not available at the time of publication of the other survey
region.
There have been a number of previous studies which have compared relative detection
rates and properties of water and methanol masers based on various sample selection criteria
(Beuther et al. 2002; Szymczak et al. 2005; Xu et al. 2008; Breen et al. 2010a). Beuther
et al. (2002) made arcsecond resolution observations of water and 6.7-GHz methanol maser
emission towards a sample of 24 star formation regions selected on the basis of infrared (IRAS)
colours. They found approximately 60 % of the sources with 6.7-GHz methanol masers had
an associated water maser (within 1.5 arcseconds) and approximately 65 % of the sources
with a water maser had an associated 6.7-GHz methanol maser.
Xu et al. (2008) made a sensitive (rms noise ∼0.1 - 0.2 Jy) though lower resolution search
(half-power beam width of ∼2 arcminutes) for 6.7-GHz methanol masers towards a sample
of 89 water masers thought to be associated with star formation regions, selected from the
Arcetri catalogue (Comoretto et al. 1990; Brand et al. 1994). 81 of the target sources had
infrared luminosities which suggest that they are high-mass star formation regions. Xu et al.
(2008) detected 10 new 6.7-GHz methanol masers. The Xu et al. (2008) selection criteria
initially selected 178 sources, (161 thought to be high-mass star formation regions) of which
47 sources were already known to have an associated 6.7-GHz methanol maser and so were
not targeted. Thus the combined detection rate of 6.7-GHz methanol masers towards their
sample of 22-GHz water masers associated with high-mass star formation was at least 57 out
of 161 (35 %).
Of all the previous investigations in the literature, the two which have the greatest simi-
larity to the current study are those undertaken by Breen et al. (2010a) and Szymczak et al.
(2005). Szymczak et al. (2005) used the Eﬀelsberg 100m telescope to search for water masers
towards a flux-limited (peak intensity greater than 1.6 Jy), but statistically complete sample
of 6.7-GHz methanol masers. They detected 41 water masers towards their sample of 79
sources, a detection rate of 52 ± 8 % for a single epoch search (with an rms noise of 0.45 Jy).
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Diﬀerences between our observations and those undertaken by Szymczak et al. (2005) are the
significantly higher sensitivity and angular resolution and somewhat larger size of our target
sample. The first two of these enable us to unambiguously determine when the two maser
species are associated, to determine their association with infrared and other sources and also
to better investigate if the detection rate for water masers changes with properties such as
the 6.7-GHz maser luminosity.
Breen et al. (2010a) used the ATCA to make a sensitive search (5-σ detection limit in
a 1 km s−1 channel typically less than 0.2 Jy) for water masers towards a large sample of
OH and 6.7-GHz methanol masers. In total, 270 6.7-GHz methanol masers were observed,
resulting in water maser detections towards 198 sources, a rate of 73 ± 5 % for a two epoch
search. Here and below we use
√
Ndet, where Ndet is the number of detections, as an estimate
of the uncertainty in the detection rate (this method assumes that the non-detections are due
to purely stochastic eﬀects, and considering source evolution there is not a more appropriate
method to estimate the errors). The chief diﬀerences between our observations and those
undertaken by Breen et al. (2010a) is that we have a statistically complete target sample and
a similar sensitivity but with a factor of two better velocity resolution. The 6.7-GHz methanol
masers observed by Breen et al. (2010a) were primarily those with associated OH maser
emission, or those without OH maser emission which had an accurate position determined
by Caswell (2009). The Caswell (2009) sample in particular is biased towards sources with a
higher 6.7-GHz peak flux density. Breen et al. (2010b) found evidence that 6.7-GHz methanol
masers increase in luminosity as they evolve. Also, 6.7-GHz methanol masers associated with
OH masers are known to be more evolved than those without. Due to both these factors, the
Breen et al. (2010a) is biased towards more evolved sources than our targets from the MMB.
The detection rate we have achieved towards a statistically complete sample of 6.7-GHz
methanol masers (48 ± 3 %) is for a single epoch search. It is slightly lower than that obtained
by either Szymczak et al. (2005) in a single epoch search or Breen et al. (2010a) in a two
epoch search. Comparing our results with those of Szymczak et al. (2005), we can see that
to within the uncertainty of the two studies the detection rates are the same. Furthermore,
the Szymczak et al. (2005) study had significantly lower positional accuracy (telescope half
power beam width of 40 arcseconds at 22-GHz) and had a less sensitive limit for their target
sample (approximately a factor of 2 higher than for the MMB). Both of these factors may
influence the detection rate and when we restrict our MMB sample to only sources with
a peak flux density greater than 1.6 Jy and relax our association criteria to 40 arcseconds
we find a detection rate for water masers towards these sources of 52 percent, the same as
Szymczak et al. (2005).
4.1 Luminosities
Work by Szymczak et al. (2005) found no statistically significant diﬀerence between the lumi-
nosities of 6.7-GHz methanol masers with and without associated water masers. Comparing
the 6.7-GHz methanol maser luminosities may be a useful probe of the relative evolutionary
timeline of objects with and without water masers as Breen et al. (2010b, 2011) found that
methanol masers increase in luminosity as they evolve.
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Table 4.1: Luminosities of the 6.7-GHz methanol masers with and without associated water
masers.
Mean int. Median int. Std. dev.
luminosity luminosity
(Jy km s−1 kpc2)
Methanol with water 2468. 191. 9362.
Methanol only 529. 94. 1187.
Figure 4.1: Log 6.7-GHz methanol maser integrated luminosities of the methanol masers with
and without associated water masers. The dashed line indicate the means.
We compared the mean and median integrated luminosities of the methanol masers with
and without associated water masers in our sample (given in Table 4.1). These luminosities
were calculated using the distances given in the previous chapter. Using a t-test we find
a statistically significant diﬀerence between the mean 6.7-GHz methanol maser integrated
luminosity between those with and without water (p-value of 0.01). Figure 4.1 shows the
distribution of these integrated luminosities, and while the mean is higher for methanol masers
with an associated water maser, there is a lot of overlap between the two distributions.
Breen et al. (2010a), in their primarily OH-targeted sample of water masers, investigated
the flux densities of solitary water masers and those associated with other masers species
and continuum emission. They found the water maser flux densities increased through the
association categories of solitary, to sources associated with 6.7-GHz methanol masers, to
sources associated with OH masers and 22-GHz continuum. They suggested that this may
be evidence that water maser flux densities increase with age, however, they caution that
some solitary water masers maybe associated with low-mass stars.
If water masers do increase in luminosity with age, then since there is evidence that the
methanol maser luminosities increase with age (Breen et al. 2010b), we might expect the
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Table 4.2: Correlation coeﬃcients between the methanol and water luminosities and with
distance used to account for bias due to distance.
peak integrated
luminosity luminosity
methanol - water (Rmw) 0.68 0.61
methanol - distance (Rmd) 0.60 0.54
water - distance (Rwd) 0.62 0.57
water and methanol maser luminosities to be correlated. Figures 4.2 and 4.3 show the water
maser versus the methanol maser integrated and peak luminosities respectively. We find the
integrated luminosity is correlated (Pearson’s correlation coeﬃcient of 0.61) and a linear least
squares fit to this data gives a statistically significant slope of 0.64 (p-value of 2e-16). The
peak luminosities show a tighter correlation (Pearson’s correlation coeﬃcient of 0.67) and a
linear least squares fit gives a statistically significant slope of 0.69 (p-value of 2e-19). We note
that the peak and integrated flux densities of water and methanol masers are also correlated,
though the correlations are better for luminosities.
These correlations may be reduced in some individual sources as maser beaming means
that the emission is not isotropic and the methanol and water masers may be beamed in
diﬀerent directions. However, over the whole sample this eﬀect should average out. Also, we
have used the emission integrated over the whole velocity range of the masers, rather than
the peak, and this should average out the eﬀects of beaming in an individual source.
Since for a flux density-limited search the maser luminosities will be correlated with
distance, we expect there to be a partial correlation between the luminosities due to this
alone. Hence, we have used the procedure outlined in Darling & Giovanelli (2002) to account
for this. We found the correlation coeﬃcients between the water and methanol maser peak
and integrated luminosities and with distance (see Table 4.2) and calculated the partial
correlation coeﬃcients using Equation 4.1. Accounting for the partial correlation, we find
the maser luminosities to still be loosely correlated. The water versus methanol maser peak
and integrated luminosities have partial correlation coeﬃcients of 0.49 and 0.44 respectively.
Rc =
Rwm −RwdRmd￿
(1−R2wd)(1−R2md)
(4.1)
Since there is evidence that 6.7-GHz methanol masers increase in luminosity as they age
this may indicate that there is a trend for water masers to increase in luminosity as they
age, although this may be over a long time scale as water masers are well known for their
variability. This is consistent with Breen & Ellingsen (2011) who found, based on the 1.2-
mm data from dust clumps associated with water masers, some evidence that water masers
increase in luminosity as they evolve.
We also fitted a general linear model to the methanol maser luminosity, with the distance
and water maser luminosity as the independent variables (we used the logarithms of each of
these quantities in the modelling). This modelling showed that while there is a significant
dependence of the methanol maser luminosity on distance, after taking that into account
a significant dependence on the water maser luminosity is still present. This is consistent
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Figure 4.2: Log 6.7-GHz methanol maser integrated luminosity vs. log water maser integrated
luminosity. The dashed line is the linear least squares fit to the data.
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Figure 4.3: Log 6.7-GHz methanol maser peak luminosity vs. log water maser peak luminos-
ity. The dashed line is the linear least squares fit to the data.
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Figure 4.4: Spectra of associated 22-GHz water masers taken with the ATCA (shown with
dashed lines) and 6.7-GHz methanol masers from the MMB survey (shown with solid lines).
with the value calculated for the corrected Pearsons correlation coeﬃcient which considers
the partial correlation.
The correlation between the peak/integrated luminosities of the two maser species is a
general trend and some individual maser sources do not show this. Examples of some of
the sources in this sample with extreme diﬀerences between the 6.7-GHz methanol and 22-
GHz water maser intensities are shown in Figure 4.4. The source 6.189-0.358 has 6.7-GHz
methanol maser emission with a peak flux density of 221.6 Jy, while the water maser emission
has a peak of only 13.1 Jy. In contrast 19.609-0.234 has a water maser peak flux density of
69.7 Jy associated with a weak methanol maser with a peak of 1 Jy.
4.2 Velocities of water maser emission
Water masers are well known for having velocity features oﬀset from the systemic velocity
of the region. The most extreme known water maser in a high-mass star forming region is
10.472+0.027 and has features redshifted up to 250 km s−1 from the systemic velocity of
the region and covers a total velocity range of nearly 300 km s−1 (Titmarsh et al. 2013).
Methanol masers at 6.7-GHz typically show emission over a much smaller range of velocities
(usually less than 16 km s−1; Caswell 2009) and the central velocities are typically within ±
3 km s−1 of the systemic velocity of the region (Szymczak et al. 2007; Caswell 2009; Pandian
et al. 2009; Green & McClure-Griﬃths 2011). In the investigations below we have used the
velocities at the peak flux densities rather than the central velocities, but this will make
negligible diﬀerence to our results.
Figure 4.5 shows the velocities of the peak emission of the methanol versus the water
masers. Our sample shows water and methanol velocities lie within 10 km s−1 of each other
for 136 of our 156 detections i.e. 87± 8 %, taking the uncertainty as ￿Nsamp (the notable
outlier in Figure 4.5 is 18.999-0.239 which is discussed in Section 3.2.1). The slightly smaller
fraction, 78 %, that was found by Breen et al. (2010a) in their similar study, is consistent with
our result to within the uncertainties of both studies. We note that the Breen et al. (2010a)
sample is biased more towards sources with OH masers. Szymczak et al. (2005) found an
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even smaller fraction, 61 %, displaying velocities diﬀerences less than 10 km s−1. This might
be because the Szymczak et al. water masers were observed with a larger beam size, and so
not all the water masers may be associated with the same powering object as the methanol
masers.
In Figure 4.6 we show the distribution of the water maser velocity ranges in our survey.
The total velocity range is less than ∼ 50 km s−1 for the majority of the sample, the median
velocity range is 17 km s−1 and the average is 31 km s−1. This is close to previous work by
Breen et al. (2010a) who found a median velocity range of 15 km s−1 in their sample of 379
masers. Szymczak et al. (2005) found that 33 % of their water masers had velocity ranges
greater than 20 km s−1 and 22 % greater than 40 km s−1. We find 40 and 19 % ± 5 % greater
than 20 km s−1 and 40 km s−1 respectively which is consistent within the uncertainties with
the Szymczak et al. study.
Comparing our velocities with the Caswell & Breen (2010) sample of 32 water masers
from their unbiased survey, we find the water masers in our sample typically have smaller
velocity ranges. Caswell & Breen (2010) looked at the fraction of water masers with emission
spread greater than 30 km s−1 from the systemic velocity. They found that 34 % of water
masers associated with both methanol and OH masers displayed emission over such a wide
range, and 31 % for water masers with only methanol masers associated. In contrast, in our
sample we found only 3 % of the water masers had velocity ranges greater than 30 km s−1
from the systemic velocity.
Since high velocity emission in water masers is an indicator of outflow activity in the
powering source, we wish to see if water maser velocity ranges increase with age. Breen et al.
(2010b) found evidence that 6.7-GHz methanol masers increase in luminosity with age, so we
have compared the methanol maser luminosity to the water maser velocity range. If more
outflow activity occurs with age, then the water maser total velocity range may be correlated
with the methanol maser luminosity. However, no correlation was found, so we can not draw
any conclusions about diﬀerent evolutionary phases playing any role in the diﬀerence between
the sample of Caswell & Breen (2010) and ours.
In Figure 4.7 we investigate the total velocity ranges versus Galactic longitude. The four
sources with the largest velocity ranges are 357.967–0.163, 359.138+0.031, 0.546–0.852 and
10.472+0.027. Three of them are close to the Galactic Centre, but otherwise there is no trend
in velocity range across the longitudes surveyed.
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Figure 4.5: Water maser peak velocities vs. associated 6.7-GHz methanol maser peak veloc-
ities are shown with squares. The horizontal and vertical bars represent the total velocity
ranges of the water and methanol masers respectively. Also plotted is a dashed line with a
slope of 1 and two dotted lines showing a deviation of ±10 km s−1 from the dashed line.
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Figure 4.6: Velocity ranges of the water masers associated with a methanol maser.
Figure 4.7: Velocity ranges of the water masers vs. Galactic longitude.
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4.3 Water maser variability
It is common for water masers to show variability in their flux densities, with studies such as
the Arcetri project (Brand et al. 2003; Felli et al. 2007) covering a wide range of timescales
and luminosities of the powering YSO. The Arcetri project continued for several decades,
but with a fairly small sample size (43 in Felli et al. (2007), and a subset of 14, with more
detailed analysis, in Brand et al. (2003)).
For comparison with our sample, we have focused on larger surveys. Two such surveys
are Breen et al. (2010a) and Walsh et al. (2011, 2014) which have observed the same water
maser sites at more than one epoch. In the Breen et al. (2010a) survey, they observed 253
waters in both 2003 and 2004 and 17 % of these were only detected in one epoch. These
masers typically had simpler spectra with only a few velocity features and two-thirds had
peak flux densities of less than 2 Jy when they were detected. About a quarter of these
were not associated with other maser emission. They also found no statistically significant
diﬀerence between the proportions of variable water masers associated with methanol and
OH masers than from their entire sample.
Some of our sample (observed in 2010 and 2011) overlap with the water masers observed
by Breen et al. (2010a) in 2003 and 2004, with many having very diﬀerent spectra. Figure
4.8 compares (on a log-log scale) the peak flux densities of the water masers from the current
sample which were also observed in 2003/2004 by Breen et al. (2010a). All of them show
some variation in peak flux density, although some of these may be due diﬀerent spectral
features changing their relative intensities causing features at diﬀerent velocities to be the
peak. There was no overall trend for the masers to increase or decrease in peak flux density
with time. Also, masers with both simple and complex spectra were seen to vary. The most
extreme case of variability is 11.497–1.485. This maser was 112 Jy in the 2004 observations
by Breen et al. (2010a) and not detected (5σ detection limit of 75 mJy) when we observed it
in 2010.
Walsh et al. (2011) detected 540 water masers between 2008 - 2010 in an unbiased search
for water masers in the Galactic Plane with the Mopra telescope. In 2011/2012 they followed
up these detections with high resolution observations from the ATCA (Walsh et al. 2014). 31
sites of water maser emission were not detectable in the second epoch, and like Breen et al.
(2010a), they found the most variable sources tended to be weaker with simpler spectra.
Unlike Breen et al. (2010a) they found a smaller fraction of the masers not detected in one
epoch (∼ 6 %). This is likely to be because the Breen et al. (2010a) survey was much more
sensitive than the initial HOPS search (which is estimated to be 98 % complete down to
8.4 Jy) since there is a well established tendency for less luminous water masers to exhibit
greater fractional variability.
Only the water masers in the MMB follow-up between l = 341◦−6◦ (through 0◦) have been
compared with HOPS data, as the HOPS high-resolution follow-up data was not available
at the time of publication of the l = 6◦ − 20◦ water maser follow-up. Figure 4.9 plots (on a
log-log scale) the peak flux densities of our water maser observations in 2011 against those
in 2011/2012 from Walsh et al. (2014). Even though the masers in Breen et al. (2010a) were
observed 7 - 8 years apart from our observations, they showed no more scatter in Figure 4.8
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Figure 4.8: Comparison of peak flux densities of the water masers that were observed in both
the MMB follow-up (observed in 2010/2011) and the Breen et al., (2010a) sample. The Breen
et al. (2010a) observations that were made in 2003 are marked with open circles and those
from 2004 are stars. Where masers were detected in one epoch and not the other, 3 σ upper
limits on the flux densities are shown with arrows. Also plotted is a dotted line with a slope
of 1.
than the HOPS masers that were observed with less than a 12 month separation from our
observations.
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Figure 4.9: Peak flux densities of water masers detected in the MMB follow-up (observed
in 2010/2011) and the HOPS high resolution follow-up (observed in 2011 and 2012). There
were many sources detected in our observations that were not reported in HOPS. We have
not included these as we do not know if they were not found because the initial HOPS search
was much less sensitive than ours, or because of variability. Where masers were detected in
HOPS and not the MMB follow-up observations, 3 σ upper limits on the flux densities are
shown with arrows. Also plotted are dotted lines with slope of 1.
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Chapter 5
Infrared and submillimeter
comparisons
In this chapter the 6.7-GHz methanol masers with and without associated water masers are
compared with infrared and submillimeter emission. Since the MMB water maser follow-up
has been published in two separate publications for the l = 341◦ − 6◦ (through the Galactic
Centre) and l = 6◦− 20◦ ranges, diﬀerent comparisons have been done with the two samples.
The l = 6◦− 20◦ range, has been searched for star formation tracers in the extended infrared
emission and compared with the dust emission at 1.1 mm. The masers between l = 341◦−6◦
(through the Galactic Centre), have been compared with infrared point sources and with
dust emission at 870 µm.
5.1 Associations with extended emission in GLIMPSE
The Spitzer Galactic Legacy Infrared Midplane Survey Extraordinaire (Benjamin et al. 2003,
GLIMPSE) images have been used to examine the mid-infrared environments of the regions
where the masers occur (images used are in Appendix .1). 115 of the 119 6.7-GHz methanol
masers in the l = 6◦−20◦ range are within the range covered by the GLIMPSE I and II data
sets.
Cyganowski et al. (2008) have identified many Extended Green Objects (EGOs) from the
GLIMPSE I survey region and Chen et al. (2013a) have recently identified 98 new EGO
sources from the GLIMPSE II region. Chen et al. (2013a) investigated both the infrared
and 3-mm molecular line properties of these sources and found them to be consistent with
the EGOs being associated with high-mass protostellar objects undergoing active accretion,
but at a stage prior to the formation of a UCHII region (Chen et al. 2013a,b). An earlier
study has explored associations of EGOs with solitary water masers (no methanol or OH),
and water masers accompanied by methanol and/or OH (Breen et al. 2010a). We are now
able to expand these results with the statistics of association with methanol masers without
water masers.
We first assemble an extensive sample of EGOs for this comparison. The Cyganowski
et al. (2008) sample overlaps with our survey in the l = 10◦ − 20◦ range and only two of our
masers have an EGO match within 30 arcseconds of any EGO in their catalogue (12.904-
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0.031 and 19.009-0.029). 30 arcseconds was chosen because it is approximately the largest
angular extent of the EGOs in that sample and visual inspection of three colour images of
these maser sites confirms that they are associated with the Cyganowski et al. (2008) EGOs.
Classification of EGOs is a somewhat subjective process and other authors have defined their
own samples of EGOs (e.g. Chen et al. 2013a; Chambers et al. 2009). The sample that has
the most matches with ours is Chen et al. (2013a) which has seven matches with our masers
in the l = 6◦ − 10◦ range. So for this range we used the Chen et al. (2013a) sample and
for the rest we decided to search our sample for EGO candidates rather than match with an
existing catalogue. Three colour images for each maser site were made using the standard
three colour scheme, 3.6 µm - blue, 4.5 µm - green, 8.0 µm - red and visual inspection of
the three colour images reveals several other sources that are EGO candidates (see Tables
3.1 and 3.2). There are more EGOs associated with both water and methanol masers than
there are with methanol maser only regions (the diﬀerence is statistically significant using a
Pearson’s chi-squared test, p-value of 0.03, see Table 5.1). This may be because water masers
are more dependent on the physical conditions of the surrounding environment interacting
with the protostar (e.g. outflows interacting with gas the protostar is embedded in) than
class II methanol masers. It could also be that since EGOs may be preferentially associated
with the later stages of the methanol maser phase, that the water masers switch on later than
the methanol masers. Breen et al. (2010a) studied associations of EGOs with solitary water
masers, water with associated methanol, water with OH and water with both methanol and
OH masers. They found water masers with associated methanol and OH masers were most
likely to have an EGO present. They suggest that EGOs occur late enough in the evolution
of a protostar for an OH maser to have formed, but not so late that it has developed an
UCHii region causing the methanol maser emission to cease.
Another indicator of the early stages of star formation that can be found in GLIMPSE
images are Infrared Dark Clouds (IRDCs). IRDCs are regions of cold and dense gas and
dust which are seen in absorption against the diﬀuse mid-infrared background from PAH
emission, particularly in the 8 µm band (e.g. Rathborne et al. 2006; Pillai et al. 2006a).
Although IRDCs do not trace a specific evolutionary phase of the high-mass star formation
process, it is well established that very young protostellar objects, and perhaps even some
prestellar cores are embedded within some IRDCs (e.g. Ellingsen 2006).
The IRDC catalogue of Peretto & Fuller (2009) covers our l = 10◦ − 20◦ range and cross
matching with them gives 19 matches over our whole sample within 1 arcminute and no
matches within 3 arcseconds. Thus we decided to inspect our infrared images for IRDCs (see
Table 5.1). The classification of objects associated with IRDCs is also somewhat subjective,
as IRDCs can only be observed where there is suﬃcient background diﬀuse emission and not
too much diﬀuse foreground emission between us and the cold dense gas. The sources we
have classified as being associated with an IRDC include both sources which are infrared
dark at 8 µm, as well as those associated with infrared bright objects which are surrounded
by some infrared darkening. We found no statistically significant diﬀerence in the number of
IRDCs associated with sources with both methanol and water masers and those with only
methanol masers.
Gallaway et al. (2013) investigated the GLIMPSE images of the MMB sources in the
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Table 5.1: Numbers of Extended Green Objects and Infrared Dark Clouds found in GLIMPSE
associated with 6.7-GHz methanol masers with and without associated water masers in the
l = 6◦ − 20◦ range. (There are 63 methanol only sources and 52 with water as well.)
Methanol Methanol
only sources with water sources
EGO 5 10
IRDC 11 10
longitudes 186◦ ≤ l ≤ 20◦ and found 26 % were associated with IRDCs and 12 % were
IR-dark and do not have an IRDC. In this study we only found the number of IRDCs to be
consistent with their study, however, we found only one source to be IR-dark (< 1 %).
5.2 Associations with GLIMPSE point sources
There have been a number of previous studies comparing the GLIMPSE colours of the mid-
infrared objects associated with masers (Ellingsen 2006; Breen et al. 2010b; Gallaway et al.
2013). More details can be found in Section 2.6.
We used the Gallaway et al. (2013) Adaptive Non-Circluar Aperture Photometry flux
densities to compare the MMB sources between l = 341◦ − 5◦ through the Galactic Centre
with and without associated water masers in colour-colour and colour-magnitude diagrams.
Any diﬀerence in the infrared colours could point to diﬀerences in evolutionary phase (like
those with and without OH masers in Ellingsen (2006)). However, we found no statistically
significant diﬀerence in the mid-infrared colours between the infrared sources associated with
both methanol and water masers and those with only methanol.
5.3 Associations with 1.1-mm emission from dust clumps
The Bolocam Galactic Plane Survey (BGPS; Rosolowsky et al. 2010) used the Bolocam
instrument on the Caltech Submillimeter Observatory to undertake a continuum survey of
the Milky Way at 1.1-mm. This wavelength is a good tracer of thermal dust emission from
the coldest, densest gas and dust cores, the locations believed to be the sites of the earliest
stages of high-mass star formation. We have used the second data release of the BGPS
(Ginsburg et al. 2013) to compare with our maser sample in the l = 6◦ − 20◦ range. The
BGPS covered the longitude range of our water maser observations with a latitude coverage
of ±1.5◦ (which covers the range of the vast majority of 6.7-GHz methanol maser detections,
all but three are in this latitude range). 92 of the 116 6.7-GHz methanol masers in this region
had a BGPS counterpart within 33 arcseconds (the eﬀective resolution of the BGPS), and of
these 49 had a water maser also. The resolution of the BGPS is much coarser than the size
of a star forming core associated with a maser which means that the BGPS flux densities
will potentially include emission from many other surrounding sources from the clustered
environments where high mass stars are formed.
Previous work by Chen et al. (2012) used BGPS dust clumps as targets for a search for
class I methanol masers. They compared the BGPS flux densities, gas masses and beam
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averaged column densities of the clumps with and without masers associated (the column
density is the molecular hydrogen column inferred from the observed dust emission, an as-
sumed dust-to-gas ratio and assuming that the dust emission is optically thin). They found
that BGPS sources with a class I methanol maser had higher BGPS flux densities and beam
averaged column densities than those without a maser. Details of how the gas mass and beam
averaged column density were derived are given in Equations 2.1, 2.2 and 2.3 in Section 2.7.
Similar to Chen et al. (2012) we found BGPS sources with either class II methanol or water
masers had higher BGPS integrated flux densities and beam averaged column densities than
the general population (see Figures 5.1 and 5.2). The beam averaged column density is only
dependent on the 40 arcsecond flux density as in our calculations we assumed a temperature
of 20 K for all sources. No comparison of the gas masses was made due to the lack of distance
estimates for the sources without masers. No statistically significant diﬀerences in integrated
flux density and beam-averaged column density were found between BGPS sources with both
and methanol and water masers and the methanol only sources.
Chen et al. (2012) found that intensity of the class I methanol maser emission is correlated
with the mass and beam averaged column densities of the BGPS sources. Similar to Chen
et al. (2012), we found a correlation between the water maser integrated flux density and
the beam averaged column density (see Figure 5.3). However, no correlations were apparent
when doing similar comparisons with the 6.7-GHz methanol maser sample. It is not surprising
that these water masers show similar correlations to the class I methanol masers as they are
also collisionally pumped. Sources with higher integrated column densities tend to be more
massive and so this trend is likely a result of there being a larger volume of gas where the
conditions are conducive to masing in these sources.
In Figure 5.4 we have plotted the BGPS integrated flux densities against the BGPS 40
arcsecond flux densities. BGPS sources with associated masers are typically the brighter
sources, implying that they are higher mass clumps. BGPS clumps with masers associated
tend to be the most compact sources having a greater fraction of their integrated flux densities
within the 40 arcsecond beam than the majority of the non-maser BGPS sources. It also
appears that clumps associated with both water and methanol masers are more compact
than those associated with methanol only, although there is a large degree of overlap in these
two samples. We have done a linear least squares fit to all the dust clumps in Figure 5.4 that
have any maser emission and the diﬀerences in the residuals between the maser association
categories are shown in Figure 5.5. The mean of the residuals of the clumps that have only
methanol masers associated is greater than that of the clumps with both water and methanol
masers. This diﬀerence is statistically significant; a t-test gives a p-value of 0.01. Dust is
accreted onto the protostar as it evolves which implies that the more compact dust clumps
may be older. Hence, the dust clumps with both water and methanol masers may be older
than the methanol only clumps. This suggests that both class II methanol and water maser
emission occurs during the phase of high-mass star formation where large-scale infall is still
in progress, consistent with recent observations of molecular gas (Peretto et al. 2013).
While protostars with both 6.7-GHz methanol and water masers may generally be older
than those with just 6.7-GHz methanol masers, we suggest that the evolutionary phase traced
by water masers is less well-defined than that traced by 6.7-GHz methanol. Our findings
5.3. ASSOCIATIONS WITH 1.1-MM EMISSION FROM DUST CLUMPS 79
Figure 5.1: Number of sources as a function of BGPS integrated flux density. The top panel
shows the dust clumps with associated 6.7-GHz methanol masers and the bottom panel are
all the BGPS dust clumps in the l = 6 – 20◦ region. The dashed lines represent the means.
support the argument of Breen et al. (2014) that class II methanol maser transitions are
better tied to the evolutionary phase of the protostar as they are radiatively pumped, existing
close to the protostar and so are more closely linked to the protostar’s properties. In contrast,
water masers, being collisionally pumped and occurring at the interaction of outflows and the
surrounding environment could exist over a longer time scale and a wider variety of conditions
and so are not well tied to a specific evolutionary phase of the protostar.
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Figure 5.2: Number of sources as a function of beam averaged column density. The top panel
shows the dust clumps with associated 6.7-GHz methanol masers and the bottom panel are
all the BGPS dust clumps in the l = 6 – 20◦ region. The dashed lines represent the means.
Figure 5.3: Water maser integrated flux density vs. beam averaged column density.
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Figure 5.4: BGPS integrated flux density vs. BGPS 40 arcsecond flux density. All the BGPS
dust clumps in the l = 6 – 20◦ region are plotted with grey dots, clumps with only 6.7-
GHz methanol masers associated are open circles and clumps with both water and methanol
masers associated are black dots. The dashed line has a slope of 1.
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Figure 5.5: Residuals from a linear fit to all the BGPS clumps with an associated methanol
maser in the previous figure. Clumps with 6.7-GHz methanol masers associated are open
circles and clumps which also have water associated are black dots. The fit to all the clumps
with masers is the solid line, the mean of the residuals for methanol-only clumps is the top
dashed line and the mean of the water and methanol associated residuals is the lower dashed
line.
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5.4 Associations with 870-µm emission from dust clumps
Another large survey of continuum dust emission is the APEX Telescope Large Area Survey
of the GALaxy (ATLASGAL; Schuller et al. 2009), an unbiased survey of the Galactic Plane
at 870 µm with the APEX telescope in Chile.
About 95 % of the MMB masers between l = 341◦ − 5◦ (through the Galactic Centre)
lie within the region surveyed by ATLASGAL. Urquhart et al. (2013) used the ATLASGAL
source catalogues of Contreras et al. (2013) and Csengeri et al. (2014) to match the methanol
masers with an associated dust clump. They used a criteria of being within 120 arcseconds
of a peak in the 870 µm emission to define an association as this was the largest clump radius
(Contreras et al. 2013). If more than one clump was within that radius, they chose the clump
with it’s peak emission closest. They then inspected the ATLASGAL images to determine if
its associations were genuine. Approximately 94 % of MMB masers within the ATLASGAL
survey range were found to have an associated 870-µm dust clump.
We used the ATLASGAL-MMB associations identified in Urquhart et al. (2013) to com-
pare the dust emission of the 6.7-GHz methanol masers with and without associated water
masers and also to compare the 870-µm emission with the results from Section 5.3 using the
1.1 mm emission from the BGPS. In Section 5.3 we found BGPS sources with an associ-
ated MMB maser to have higher integrated flux densities and higher column densities than
the general population. However, we found no diﬀerences in these properties between the
clumps associated with an MMB maser with and without a water maser present. Like class
I methanol masers, water masers are also pumped by collisions, and like Chen et al. (2012)
we found a weak correlation between the water maser integrated flux density and the beam
averaged column density.
To make our ATLASGAL comparisons, we recalculated the masses and column densities
of the dust clumps, as we have distance estimates for all the MMB sources in our survey
(Urquhart et al. (2013) did not have distances for many of the sources around the Galactic
Centre) and we used µ = 2.3 for the mean molecular weight of the ISM to be consistent
with Chen et al. (2012). Column densities and clump masses were calculated according to
equations 1 and 2 in Chen et al. (2012).
Unlike comparisons with the BGPS in Section 5.3, we found no correlation between the
integrated flux density of the water masers and the ATLASGAL column densities of their
associated dust clumps. The correlation at 1.1 mm was weak, however, we expected to observe
similar results at 870 µm as sources with higher integrated column densities tend to be more
massive and there may be a larger volume of gas where the conditions are appropriate for
maser emission in these clumps. The reason for the absence of correlation here is not clear,
although it may be that the weak correlation observed for the l = 6◦ − 20◦ maser sample
occurred by chance and is not present in larger source samples. Similar to our comparisons
with the BGPS we also found no correlations between the water maser luminosities and the
clump masses or between the methanol maser intensities and the column densities and masses.
We also found no diﬀerences in the distributions of the ATLASGAL column densities and
masses of the clumps with both methanol and water masers and those with only methanol.
Figure 5.6 shows the column densities of the clumps with an associated MMB maser
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Figure 5.6: Number of sources as a function of column density. In the left figure, the top
panel shows the dust clumps detected in ATLASGAL associated with 6.7-GHz methanol
masers and the bottom panel are all the clumps detected in the longitude range covered in
this paper. The dashed lines represent the means of each sample. The figure on the right has
both populations overlaid, showing that at the highest column densities (over ∼ 1025 cm−2)
almost all the dust clumps have an associated methanol maser.
compared to those of all the ATLASGAL clumps within our survey region. The left panel
shows the distribution of the clumps with associated masers compared to all the clumps
within our survey region on separate scales to clearly show the two distributions, and the
right panel shows that the fraction of maser-associated dust clumps increases with increasing
column density. At the very highest column densities (over ∼ 1025 cm−2), almost 100 % of
clumps have an associated methanol maser. Like our comparisons with the BGPS, the maser
associated clumps are skewed toward the higher mass clumps, unlike our BGPS comparisons,
the dust clumps with an associated maser appear to cover the whole range of column densities
of the general population. However, this may be a sensitivity issue as the 5 σ sensitivity
of ATLASGAL is 0.25 Jy beam−1, corresponding to a hydrogen column density of order
1022 cm−2 (Schuller et al. 2010) whereas the BGPS was sensitive to column densities greater
than 1021 cm−2.
Chapter 6
Conclusions
In this thesis, all the 323 known 6.7-GHz methanol masers in the Galactic Plane between
l = 341◦ and l = 20◦ (through the Galactic centre) have been observed with the ATCA for
water maser emission. Of these, 156 had associated water masers within ∼3 arcseconds of
their 6.7-GHz methanol maser targets (∼ 48 %). This is consistent with previous studies when
the angular resolution and flux density limitations of those studies is taken into consideration.
I have found that 6.7-GHz methanol masers with associated water masers have greater
integrated luminosities. Since 6.7-GHz methanol masers get brighter with age, this may
be evidence that water masers are often associated with older methanol masers. Also, the
methanol and water maser peak and integrated luminosities are correlated, even after taking
into account the partial correlation due to distance and I interpret this to be evidence that
water maser generally increase in brightness as they age.
The peak velocities of the water and methanol masers are very well correlated in this
sample, with 87 % having peak velocities within ± 10 km s−1. I found the median velocity
range of the water masers to be 17 km s−1 and the average to be 31 km s−1. This is consistent
with other methanol-selected samples of water masers, but is smaller than that found in an
unbiased survey of water masers by Caswell et al. (2010). The velocity ranges observed in this
sample of water masers is consistent with the methanol-targeted search by Szymczak et al.
(2005). However, the velocity ranges are generally smaller than those observed by Caswell &
Breen (2010) that are associated with both methanol and OH masers.
From the GLIMPSE mid-infrared images, I found that there was no statistically significant
diﬀerence in the number of IRDCs associated with sources that had both water and methanol
masers and the methanol-only sources. But I did find that there are more EGOs associated
with water and methanol maser sources than with the methanol-only sources.
Using the GLIMPSE sources and their flux densities in the four Spitzer bands extracted
by Gallaway et al. (2013), I found no diﬀerence in the colours of the mid-infrared sources
associated with both methanol and water masers and those with methanol only.
The 1.1-mm data from the BGPS was used to study the properties of the dust emission
at these maser sites. I found that dust clumps with associated masers had higher BGPS
integrated flux densities than the general population of dust clumps in our survey region.
The maser-associated clumps also had a greater fraction of their flux densities within the 40
arcsecond beam of BGPS, implying that they are the more compact sources. The sources with
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both water and methanol masers are generally more compact than those with only associated
with methanol masers associated. If these dust clumps collapse to form a protostar as they
age, then this suggests that 6.7-GHz methanol masers with associated water masers are older
than those without water masers.
I investigated the ATLASGAL sources identified to have associated MMB masers in
Urquhart et al. (2013), and found that in the submillimetre emission there were no dif-
ferences between the column densities and masses of clumps associated with both water and
methanol masers and those with just methanol. I did find that the clumps associated with
methanol masers are skewed towards the higher column densities compared to the general
population. This is consistent with my findings for 1.1-mm thermal dust continuum emission
from the BGPS.
Like Breen et al. (2014), I conclude that water masers are unlikely to trace such a well
defined evolutionary phase in the formation of a protostar as the 6.7-GHz methanol maser
transition, which are radiatively pumped and exist close to the protostar and hence are very
dependant on its evolutionary phase. Water masers are collisionally pumped, occurring at
locations where the protostar is interacting with the surrounding environment (e.g. out-
flows) which may not exist alongside a specific evolutionary stage of the protostar. Since
the methanol maser luminosities, associations with EGOs and dust clump data suggest that
water masers often occur later in the 6.7-GHz methanol maser phase, it is likely that the in-
teractions required to produce a water maser increase as the protostar evolves, and therefore
the presence of water maser emission alone does not provide a good evolutionary diagnostic.
Nevertheless, water maser observations can still provide us with valuable information the
physical conditions of the YSO.
6.1 Future work
There are a number of questions which arise from the investigations undertaken as part of
this thesis and some additional data available from the observations which was not analysed
due to time limitations. I have outlined possible future investigations relating to these below.
There is still work to be done analysing the ammonia and continuum data taken at the
same time as the water maser observations during this survey. This will provide valuable
information about the temperatures and the presence (or absence) of UCHii regions. These
data, combined with the maser, (sub)millimetre continuum and mid-infrared observations
will enable further testing and/or refinement of the maser-based evolutionary scheme.
Now that more reliable distance estimates are available for the MMB masers, further
investigation of the projected linear separations of the water and methanol masers is necessary.
Future investigations can study if water masers closer to their associated 6.7-GHz methanol
masers are better correlated with YSO age indicators, implying they are more closely tied to
the evolution of their YSO compared to water masers at larger physical separations associated
with outflows etc.
A number of the results obtained in this thesis were unexpected and while the results
appear to be robust, they require further investigation to understand why they have occurred.
These questions include:
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• why are the methanol and water maser peak luminosities better correlated than the
integrated luminosities?
• why are the water maser integrated flux densities correlated with the column densities
derived from the 1.1-mm emission but not the 870-µm emission?
• why are the total velocity ranges of the water maser associated with methanol masers
much smaller than those from the Caswell et al. (2010)? Their sample was of 32 water
masers from an unbiased survey. To investigate this further, it is necessary to have a
larger, sensitive unbiased sample of water masers to compare with.
How water masers without associated methanol masers fit into the maser evolutionary
timeline of high-mass star formation still remains unanswered. A large, sensitive, high-
resolution, unbiased sample of water masers would allow this population of water masers to
be investigated in the future.
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.1. GLIMPSE THREE COLOUR IMAGES 99
.1 GLIMPSE three colour images
100
Figure 1: GLIMPSE three colour images: 3.6µm is blue, 4.5µm is green and 8.0µm is red.
6.7-GHz methanol maser positions are marked with crosses and 22-GHz water maser positions
are marked with circles. The axes are Galactic Longitude vs. Galactic Latitude.
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